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THE PENETRATION OF A POTENTIAL BARRIER BY 
ELECTRONS 


By Cart ECKART 
RYERSON PHYSICAL LABORATORY, UNIVERSITY OF CHICAGO 
(Received April 21, 1930) 


ABSTRACT 


A potential barrier of the kind studied by Fowler and others may be represented 
by the analytic function V (Eq. (1)).. The Schrédinger equation associated to this 
potential is soluble in terms of hypergeometric functions, and the coefficient of re- 
flection for electrons approaching the barrier with energy IV is calculable (Eq. (15)). 
The approximate formula, 


4 
1—p =exp| — fAZemv-my 2dx} 


is shown to agree very well with the exact formula when the width of the barrier is 
great compared to the de Broglie wave-length of the incident electron, and W< Vinox. 


HE “failure” of the law of conservation of energy in quantum dynamics, 

as evidenced by the penetration of an electron through a region of space in 
which its potential energy is greater than its total energy, has been advanced 
as the explanation of several phenomena. Gamow,! Gurney and Condon, 
and others have discussed it in relation to the Geiger-Nuttall law of the 
radioactive decay constants; Fowler and Nordheim in its relation to the 
lowering of the thermionic work-function by surface impurities, and to the 
emission of electrons from cold metals under the influence of strong fields. 
The mathematical discussions in these papers have all been based either 

on a potential function which has discontinuous derivatives, or else on ap- 
proximate treatments involving asymptotic (i.e., divergent) series. It 
is therefore of some interest to note that there is an analytic function which 
represents some of the types of potential barriers which have been discussed 
and whose associated Schrédinger equation is soluble. This function is 


V(x) = — 4¢/(1 -— 8 — BE/(1 -—8)*, = § =— exp (2rx/l), (1) 


1G. Gamow, Zeits. f. Physik 51, 204 (1928). 

2 R. W. Gurney and E. U. Condon, Phys. Rev. 33, 127 (1929). 

3. R. H. Fowler, Proc. Roy. Soc. A122, 36 (1929), A117, 549 (1927). L. Nordheim, Zeits. 
f. Physik 46, 833 (1928). 
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graphs of this function for various values of A and B are shown in Fig. 1. 


in which x is the cartesian coordinate, and A, B, and / are constants. The | 
It is seen to approach zero for large negative values of x and a constant value 


Vv 











Fig. 1. Graphs of the function V(x). The numbers on the curves are the values of B A. 


A for large positive values. The width of the transition region is, practically 
speaking, 2/. When 8B) is greater than A it possesses an extremum at 


l 
Xm = — log [(B + A)/(B — A)], | 
dir 


whose height is : 
V(am) = Vin = (A + B)?/4B. (2) 


In the following, it will be assumed that B2O so that the extremum isa 
maximum, when it exists at all. 
The wave equation governing the dynamical problem of an electron mov- 
ing under the action of this potential is 
du = 8r*m 


— + 


a.8 tas {4é/(1 — &) + BE/(1—-H?+ Wha =0 (3) 
x” 2” 





or if differentiation with respect to £ be indicated by an accent 





2ml* ’ ; 
Eu!” + Eu! + =p Av — §) + BE/(1- 4)? + Wiu=0. (4) 
- 


This equation‘ is of the hypergeometric type, and its solutions may therefore 
be written down at once in terms of the hypergeometric series * 


* Special cases (A =0, and B=0) of this equation were discussed in the Colloquium at 
Pasadena by Professor P. Epstein in 1925, the occasion being the work of Epstein and Robert- 
son on the reflection of radio waves by the Heaviside layer. i 

5 F. Klein, Ueber die hypergeometrischen Reihen, (Gottingen, 1894) pp. 3-7. A. R. 
Forsythe, Treatise on Differential Equations, (24, one vol. ed.) (New York, 1888) p. 185. 
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“b 1)-b(6 + 1 
F(a,b,¢,y) =1 2,42 ):b6+ 1), 
1-c¢ 1-2-c(e + 1) 





* (5) 


Before proceeding to study the exact solutions, it will be well to consider 
their asymptotic behavior for very large positive and negative values of x. 
In both cases, the potential is practically constant and therefore the solu- 
tions should be monochromatic de Broglie waves to a first approximation. 
For large negative values of x the wave-length will be \=h/(2mW)!”, 
for large positive values, \’=h/(2m(W-—A))'”. It may be assumed that 
W2A, since the interest in the other case is not very great. The solution 
may be specified even more precisely if we confine ourselves to the case in 


which the electrons are incident on the barrier from x=—*. Then there 
will be a single (transmitted) wave 
exp (2nix/N’) = (— 8%, B=I/ (6) 


for large positive values of x, and two waves (incident and reflected) for 
large negative values of x: 


a, exp (2rix/X) + a2 exp (— 2wix/dA) = a,(— £)** + ae(— £)-*, a=I/r. (7) 


As will be shown, the condition that the exact solution reduce approximately 
to these values for large values of x, suffices to determine it uniquely, and 
also to determine the constants a, and a,.. The quantity p= |a2/a 2 is the 
reflection coefficient, whose value is required for the applications mentioned 
in the first paragraph. 

In working with the hypergeometric series, Eq. (5), it must be borne in 
mind that it converges only for |y|<1. It then appears that of the twenty- 
four well-known ways*® in which solutions of the hypergeometric equation 
can be expressed in terms of F(a, b, c, vy), only eight converge for large 
values of §(x>1); of these only four approach (—£)‘® (the other four ap- 
proaching (—£)~‘*) when |£! increases indefinitely. The four solutions 
approaching (—£)‘* are only formally different, so that it suffices to study 
any one of them; we single out the form 


u = (1 — £)%(&/E — 1)*F[2 + ia —6+4+ 4), 
—}3+ i(a-—6-45),1—- 218, 1/(1-8&)] (8) 


in which a and 6 have the values of Eqs. (6) and (7) and 4 is to be defined 
immediately. If we define a quantity C by the relation (2mC)'!?=h 2, 
it becomes possible to write 


a=}(W/C)'?, B= 4[(W — A)/C]!”, (9) 
and the quantity 6 is then defined by 
§ = 3[(B -—C)/C]'". (9a) 


® Klein, pp. 76-80; Forsythe, pp. 189-194. 
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C is the energy of an electron whose de Broglie wave-length is 2/, the total 
width of the region of variable potential. 

The function u of Eq. (8) obviously approaches (—£)* for large values 
of &, since F(a, b,c, 0) =1. Its value for very small values of & cannot be deter- 
mined at once, however, since the series F(a, b, c, 1) diverges. It is necessary 
to have recourse to the so-called process of analytic extension, and to express 
u in terms of series which do converge for small values of |¢|. The result 
of the analytic extension of the hypergeometric series has been known, 
practically speaking, since the times of Euler and Gauss; it is summarized 
in the formula’ for compounding two hypergeometric series: 


w(il— yy Flatb+c,at6+e,1+a-a’, y) 
= ¢(c,c)(1— vyrvF(atb+ec,atb’+e,1+¢-—c,1—y) (10) 
+ o(c,O1 - y’yF(atb+e,at+0U+e,1+¢ —c,1—y) 
where 
rita—a')re —o) 


Oe . 7 (11) 
ri —-a’ —b—o)l(-—a’ —b’ — co) 





This equation is an identity for those values of y for which all the series con- 
verge, and may be used as a definition of F(a, b, c, v) for |y|>1, 1—y l<1. 
If we set vy equal to 1/(1—£), a= —a’= — ip, b= —b’=}4+16, c= —c’ =ia, 
and 


(i — 2i8)P(— 2ia) 








TH+ (—a—6—))T b+ (—-a—B+8] - 
(1 — 278)0(+ 2ia) 
7 Ti+ ta —8- SIT} + le—-6+9)| 
it reduces to 
u = a,(t/é — 1)'*(1 —£)8F[8 + ia —B+ 45), 
— 3+ i(a — B — 4), 14 2ia, &/(E — 1)] (13) 


+ a(t/e — 1)-*(1 — )*8F[E + i(-a—B+ 4), 
—3+ i(-—a— 6-5), 1-—2ia, t/(e— 1)). 


The two series on the right side of this equation converge when le/(E- 1) | <1 
hence certainly when |¢|<}. For very small values of é the value of « may 
be computed from this equation, and is seen to be exactly the expression of 
Eq. (7) with a, and a, defined by Eqs. (12). Eqs. (8) and (13) thus define 
the function u for all real values of x; it may readily be shown that it satis- 
fies’ Eq. (4), and is finite, continuous, and possesses continuous derivatives 


7 Klein, pp. 88-91; Forsythe, pp. 194-201. 
8 For it is a linear function of two of Kummer’s twenty-four solutions (cf. reference 6). 
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throughout this range. It is therefore the wave-function we are seeking, and 
the coefficient of reflection is hence 


ao|? | P[3} + (6 — B— a) |P[} + (-— 6 — B—a)])? 
= = | 
ela IPR+i@—-6+))TR + (-6-6+.0)]| 








(14) 


since T(2ia), I'( —2ia) | is obviously 1. 

In the numerical evaluation of this formula the two cases, 6=real and 
6 =imaginary, are to be distinguished. These two cases are separated by the 
condition B=C; since B will in general be of the order of magnitude of W, 
the case of a real 6 corresponds to a potential barrier whose region of inhomo- 
geniety is wide compared to the wave-length of the incident electron (cf. 
Eq. (9)) while an imaginary 6 corresponds to a narrow region of inhomo- 
geniety. 

If dis real, the arguments of all the gamma-functions have the form } +72, 
where 7 is real. It is known that® 


E(u + iv) | = Pw) exp [— P(w,2)] 
and that 

exp [P(, 2)] = [cosh (rz) |!/?. 
Hence 
cosh [#(5 — 8 + a)] cosh [x(5 + 8 — a)| 
cosh [#(6 — 8 — a)] cosh [x(6 + B+ a) | 
cosh [2x(a — 8)] + cosh [278] 
cosh [2m(a + B)] + cosh [2x5] 








If 6 is imaginary, both the numerator and denominator of Eq. (14) have 
the form 


| P(e + iv) P(A — u + iz) | 
with w=3+ /6|. Now, 
exp [P(u,z) + P(A — u,v)] = |(cosh 24x — cos 2xu)/2 sin? ru|}!? 
and hence 
cosh |2r(a@ — 8)] + cos [2x] 6) | 


= . (15a) 
cosh [2x(a + 8)] + cos [27} 6} | 





The two Eqs. (15) and (15a) are identical, if it be remembered that 


cosh [275] = cos |2r| 5{ | 


® The formulae regarding I'(u+iv) which are used in the following are all to be found on 
pp. 23-25 of N. Nielsen, Handbuch der gammafunktion, (Leipzig, 1900). 
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when dis imaginary ; the separate derivation of the two is necessary, however, 
teed . $- ° ° a ° 

for (+77) | is not an analytic function. The expressions for p are plotted 

in Fig. 2 for B=8A and various values of /. 














r 
oo 
1 
4 
1 
wa 
O 
A Ven Ww 


Fig. 2. Graphs of the reflection coefficient. The numbers are the values of 4) C. 


It is instructive to compare this expression for the reflection coefficient 
with the values which have been obtained by other writers. If W<V,, 
the expression 


4 
1—p=vyexp ’ _ =f (2m(V — Wael (16) 


has been used, in which the integral is to be extended over all values of x 
for which V>W, and y~1. It may be shown that this is a valid approxima- 
tion to Eq. (15) when / is very large, C very small. In this case, a and 8 
become very large, so that 


cosh [2r(a@ + B)] ~ } exp [2x(a + 8)] 
and 6~3(B/C)'”. Hence, approximately, 


1+ exp [x(W 4/2? — (W — A)"/? — BY2)/C1?] 
T+ exp [x(W1? + (W — A)? — BY2/CU?] 





The argument of the exponential in the denominator of this expression is 
very much greater than 1 when W>V,,, and very much less than —1 
when WXV,,. Hence 


p = exp [— x(W"/? + (W — A)!/2 — BY2)/C1?2| (17) 
when W> V,,, and 


(1—p)= { 1 —exp[—2x((W — A)/C)"/2]} 
exp [x(W!/? + (W — A)!/2?— BY2)/Cl?| 


' 
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when W<V,,. When / is very large, therefore, p is practically zero if 
W>V~. and practically 1 if W<V,; these formulae are valid except when 
|\W-—V,,|~C. Comparing the second of Eqs. (17) with Eq. (16) it is seen 
that the latter is verified if 


4a 
- = f omy — W))'?dx = e(W'/? + (W — A)!/? — BY2/C1?2, 
1 


The integral on the left is readily evaluated by the method of residues,"® 
and does prove to be equal to the right side of the equation. 


For very small values of / (C very large) cosh 276 approaches —1 regard- 
less of B and 


cosh 2x(@ + 8) = 1+ w*[W1/? + (W — A)"7]2/8C 
so that 
o=(We-(W A)'2)2/(Wi? + (W — A)42] 2, 


In this limit, therefore, all effect of the maximum of potential function van- 
ishes and the reflection coefficient has the value characteristic of a rectan- 
gular potential barrier of infinite width," and height A. 

For values of W very much larger than A, B, or C, 


cosh [27(a@ — 8)]~1, cosh [24(a@ + B)] ~ } exp [22(W/C)'?], 
so that 
p = [1 + 2 cosh (275)] exp [— 2x(W/C)"?]. 


For WSA the reflection coefficient is always unity, as may be most readily 
deduced from general principles. 


10 See, e.g., A. Sommerfeld, Atombau, (4th Ed. 1924), p. 772. 
1 See, e.g., W. Heisenberg, Physical Principles of the Quantum Theory (in course of 
publication. ) 
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THE QUANTUM MECHANICS OF ELECTRONS 
IN CRYSTALS 


By Puitip M. Morse 
PALMER PHysicAL LABORATORY, PRINCETON, N. J. 


(Received April 18, 1930) 


ABSTRACT 


A general solution is developed for the motion of electrons in the potential field 
of the nuclei in a crystal lattice. As usual the energy interaction terms due to nuclear 
vibration and to the presence of other electrons are neglected; they are to be included 
later by approximation methods. 

It is shown for low energies the wave function becomes a linear combination of 
the atomic wave functions, the allowed energies approximating the discrete atomic 
levels; and for high energies the wave function approaches that of the free electron, 
with the allowed energies a nearly continuous range. Hlowever, for electrons coming 
into the crystal from outside, the crystal becomes impenetrable for those electronic 
wave-lengths and directions analogous to the beams producing Bragg and Laue beams 
in X-rays. 

The solution is computed for a simple form of potential lattice, and the results 
are shown to be in quantitative agreement with the experimental results of Davisson 
and Germer. The phenomenon they call anomalous dispersion is shown to be a natu- 
ral consequence of the characteristics of the wave function. 


INTRODUCTION 


HE problem of determining the behavior of electrons in crystals 

has applications in several types of phenomena: in the scattering of 
electrons from metal surfaces, instanced by the experiments of Davisson 
and Germer,' of G. P. Thomson and others; and in the behavior of metallic 
conductors. 

The first problem in the study of the theory of any of these phenomena 
is the study of a single electron in a crystal lattice made up of atomic nuclei 
fixed at their equilibrium centers. The perturbation terms due to nuclear 
vibration and to the presence of other electrons must then be dealt with by 
approximation methods. 

The simplest possible assumption for the unperturbed electron is that 
used by Sommerfeld,’ the wave function being approximately like that of a 
field-free electron: 


y(W) = NV. exp iW)! "(ax + by + es) (1) 


where W is 87°u/h? times the electronic kinetic energy inside the crystal, 
and a, 6 and ¢ are the direction cosines of the electronic motion. This type 


1 This work was begun under the supervision of Dr. Davisson, at the Bell Telephone 
Laboratories. The writer wishes to express his appreciation of the help the Laboratories in 
general, and Drs. Davisson and Germer in particular, have given him. He also has obtained 
many helpful suggestions from Professor E. Wigner. 

2 Sommerfeld, Zeits. f. Physik 47, 1, (1928). 
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of wave function is most nearly correct for the most loosely bound electrons, 
but is not sufficiently correct, even for them, to explain the experiments of 
Davisson and Germer. 

The other type of approximation is to consider the electron behavior as 
primarily determined by the electric fields of the crystal nuclei. Since the 
potential wall between the atoms is not infinite, there is a finite probability 
of an electron belonging originally to one nucleus to change to any other 
nucleus. This means that in equilibrium the wave function for the electrons 
in the crystal will be any one of the large number of linear combinations of 
terms, each term representing the electron in the mth quantum state about 
the sth nucleus.* This is an example of equivalence degeneracy similar to 
the simple case of the hydrogen molecular ion, and as a result the energy 
level corresponding to the mth quantum state of a free atom will be split 
into a large number of very slightly separated levels; in fact, if the crystal is 
considered infinite in extent, the levels of the free atom will be spread into 
bands of allowed energies which may or may not be separated from their 
neighbors by bands of forbidden energies. Of course the wave functions for 
the electron will be somewhat modified by this proximity of other nuclei, 
and Bloch‘ has used a wave function which becomes, for an infinitely large 
crystal: 


Y(E) = N.exp i(W)'/*(ax + by + cz)-u(W,) 


where £ is a function of W and W,, and « is a linear combination of wave 
functions representing the electron about the various nuclei with an energy 
W.. 

This assumption is fairly good for the more tightly bound electrons, in 
the inner orbits, but for the loosely bound ones, the ones contributing most 
to the electric conductivity, the field due to the nucleus is so greatly distorted 
by the neighboring atoms that the undisturbed atomic functions are not 
particularly good approximations. 

At any rate, whatever the potential function happens to be, it can always 
be represented by the three dimensional Fourier series of the type 


h? ~ ; ; 
VY=o-— po Aim, exp (lax + mBy + nys) (2) 


> » 
Sir-u l,m ,n=—20 





where a, 8, y =27, (d,, d,, d:), where the d’s are the lengths of sides of the 
unit lattice cell in the x, vy and s directions respectively. The A’s are chosen 
so that Vis real and A o90 =0. This series is applicable to the cubic, tetragonal 
and orthorhombic systems of lattices, and the generalization to the other 
systems is obvious. The wave function for such a potential will be obtained, 
and its properties investigated, in this paper.’ 


3 Heisenberg, Zeits. f. Physik 49, 619 (1928). A very good resumé of the subject is given by 
Slater, Phys. Rev. 35, 509 (1930). 
‘ Bloch, Zeits. f. Physik 52, 555 (1928). 
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THE WAVE FUNCTION 


A somewhat less general, but considerably simpler form of potential 
function 


he x 2 a 

Ya = —— | oat peiles > B72Aymei mu + Dts (3) 
Sr“ l=—x m=—2x n=—x 

will first be considered. The crystal will at first be considered as infinite 

in extent, and the average potential as zero, so that A.o=Ayo=A.n=0. 


If the electronic energy is h?W/87*u then the Schroedinger equation which 
must be satisfied can be separated into three equations of the type 


=" + (WW.0° + a? ee =0 (4) 
l 


where W,0°+W,3°+W.ay?=W. The complete wave function is ¥ =Z(x) 
- H(y)-Q(s), where the equations for 7/7 and 2 are similar to Eq. (4). 
The independent variables are now changed to &, n, ¢ =ax, By, yz and then 
all three equations have the form 
EB’ + (Wit DoAve)=E = 0. (5) 


The solution of this equation was given by Hill,® and is 


= N-eits-¢. $b,,(k2)-e'78 (6) 


r=—2 


where k, and the d's are to be determined. &, is given by the equation 
sin? rk, = sin? r(W,)!/*-2(0) (7) 
where (1(0) is the infinite determinant 




















Po rdet p00 det see odtea sdea | 
|, i-W. 1-W. 1-W, 1-W. | 
| ..cdect mde tA ode de | 
| —, wil, =, -¥, ~~, 

| Mees Aone — Aen “Aas ~Aes 
"a=, t=, =f, i-W, 1-W, 

| = Aena Aenea — Asus — Ae — An 

| 4-W, 4-W, 4-W, 4-0, ' gow, | 
a ee ee ee eee 





9-—-W, 9-W, 9-W, 9-W, O9-W, | 
| 
5 Equations similar to those considered here were discussed by Bethe, Ann. d. Physik 
87, 55 (1928), but no solution was obtained, Peierls, Ann. d. Physik 4, 121 (1930) gets an 


approximate solution, Strutt, Ann. d. Physik 86, 319 (1928) discussed a one-dimensional case. 
6 Hill, Acta Mathematica 8, 1 (1886). 
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This determinant can be expanded into a convergent series of the form 
()(0) = 1 — CA4n — CwAti + CisdASi >: +) 
a (C2A22 .*% ) “7s 
+ (CinA2iA 22 — CivdfiAw t+ :::) (8) 
— CinAdiAcs---) +--: 
+ (Ci2314 nA 2A — ) + he 


The values of some of the C’s as functions of W, are given in Fig. (1).7- When 
the series of A’s converge at least as rapidly as Az,=1/2", this expansion 
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Fig. 1. Values of some of the coefficients in the expansion of [J (0). 


is accurate to one part in a thousand if only the terms written above are 
used. 


The b's are obtained by solving the equations 


[(ke + r)? _ W]bsy — >A sie ant = 0) (9) 


l=-2 


where r can have any integral value from plus to minus infinity. 


7 The writer is very much indebted to Mr. B. L. Snavely for computing the values of a 
number of the functions discussed in this paper. 
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A generalization of Hill’s arguments shows that a solution of the Schroe- 
dinger equation using the general potential function given in Eq. (2) will 
be of the form 


WY = Nexp i(xsx + wyy + x3) > Biss exp i(rax + spy + flys) (10) 


r,s t=—2 
where the relations between the «’s are given by the equation 
S(k2,ky,k23 @,8,y) = S(aW? dW? !? cW'?; a, B,y)-(0,0,0,) (11) 


where [1(0, 0, 0,) is a determinant similar to ((0). The function 


S(x,¥,2;0,8,y)=(+y2+2%) T]’ 


i,m n=- 


E Qlax + 2mBy + 2nys — x*— y? — =] 


where the infinite product does not include the term for which /=m =n =0, 
and a, b and ¢ are the direction cosines which the electronic motion would 
have if all the A’s were zero. For a two-dimensional case S(x, v; @, 8) is 
the product of the elliptic functions //(x+7y)-//(x—iy), where the periods 
of these functions are K=a/2 and K’=8/2. For the one-dimensional case 
discussed by Hill, S(x; @) is sin*(a7x ‘@) as given in Eq. (7). The B’s are given 
by the equations 


[(we + ra)? + (Ky + 5B)? + (Ke + ty)? — WIB, i + DS AtmnBr—y.2—myton 


Lim .n 


~~ 
— 
. 


Expression (10) is of natural form; that of a free electron whose direction 
cosines of motion are proportional to x;, Kk, and «-, multiplied by a function 
representing the distortion of the wave function due to the periodic variation 
of the potential function. For low energies this distorting function will be 
a Fourier expansion of one of the linear combinations of atomic wave func- 
tions discussed earlier. In this case Eq. (9) is the form used by Bloch. 

One property of (9) must be emphasized, however. The coefficients 
Kz, Ky, Kz, in the “field-free-electron” factor are not equal to W"/*(a, 6, c) 
as they would be if the A’s all equalled zero, as for Eq. (1). For values of 
a(W)*? near la/2, or 6(W)"? near mB/2, or c(W)"? near ny/2 (i.e., near the 
singular points of the determinant or near the maximum points of the 
function S) the x«’s differ considerably from the values (W)!'(a, b, c), and 
for certain ranges become complex. 

In crystals of infinite extent, the values of W and a, } and c¢ for which 
any of the x’s become complex are not allowed; for in these cases the wave 
function contains a real exponential factor which becomes infinite at plus 
or minus infinity. Even in the case of finite crystals, it is seen that the 
amplitude of wave functions for which a x becomes complex is negligible in 
the interior of the crystal. Thus for crystals of size greater than, say, a 
thousand atoms along a side, electrons with energies for which a « is com- 
plex are not present inside the crystal. 
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This means that the periodic variation of potential inside the crystal 
creates bands of forbidden energies inside the crystal, even for electronic 
energies greater than the maximum potential energy, a somewhat surprising 
result. However, this only means that when electrons outside a crystal have 
energies such that their wave-number components are integral multiples of 
the reciprocal lattice spacing, they are reflected strongly back at the surface 
of the crystal. That this is true experimentally has been shown by Davisson 
and Germer. 

These bands of forbidden energies are very wide for low energies, but 
become very narrow for higher energies. In other words, the allowed bands 
of energy are very narrow for low energies, corresponding quite closely 
to the atomic levels; but for energies larger than the maximum potential 
energy nearly every energy is allowed. Thus the general solution shows a 
gradual transition from purely atomic states to states of the free electron, 
as general considerations have shown it should. 


A SIMPLE EXAMPLE 


It will be of interest to examine in detail the solution for a very simple 

form of potential variation. The form 
h* 
V = — ——[2e*A, cos ax + 282A, cos By + 2724, cos yz] (12) 
Sr°u 

is not a particularly good approximation to the lattice field, but its solution 
is not too difficult, and the quantitative check of the computed results with 
experiment leads one to believe that it is not too bad an approximation when 
dealing with electrons of high energy. It is, of course, a very poor approxima- 
tion for the low energy, “bound” electrons, and care should be used in apply- 
ing its results. 

The three Schroedinger equations which must be solved are Matthieu 
equations 


=” + (We + Act + AcE = 0. (13) 


The solution is the generalized Matthieu function,’ of the form given in 
Eq. (6), where the values of k, are given by Eq. (7) when An =A,1=A, 
and A,,=A,z_,=0, for m greater than unity, in the determinant C(0). 

The values of k, as a function of A and IV’, are shown by means of the 
contour map in Fig. 2. The shaded areas are the values of A and W, where 
k, is complex. It is to be noticed that these areas are larger the larger A is, 
and are smaller the larger W, is. The area included between the diagonal 
dotted lines radiating from A = W,=0 represents the values of W, less than 
the maximum and greater than the minimum potential energy. The values 
of the contours for k,” are equal to the values of W, when A =0, as would be 
expected. The narrowing of the unshaded bands of energy as A increases 


8 E. C. G. Poole, Proc. Lond. Math. Soc. 20, 374 (1921); B. van der Pol and M., J. O. 
Strutt, Phil. Mag. 5, 18 (1928). 
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illustrates the transition from the continuous allowed levels when A =0 
to the discrete levels when A is infinite. 
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Fig. 2. Values of k.? as a function of A and W,. Shaded portions represent areas where 
k, is complex and equals (n 2)+7g(,), where g is real. 

The difference between the character of the levels for one atom and for 
an infinite lattice is shown in Fig. 3. Curve (a) gives the potential energy 
cross section for a single “atom” with its discrete set of allowed levels, and 


Yj YA Vi Up i 


CA ZXCLLEM 





















Energy 
a aa 
a 
Energy 








LE Aahanthatanthanth cthantheatatheuteue Aheuth uteutuheuttinteutute heuheuteuteudh 


(a) VY (b) 


Fig. 3. Potential function and allowed energies for a single “atom” and for a crystal of 
infinite extent. Horizontal lines represent discrete levels, and shaded areas represent con- 
tinuous allowed bands. 




















curve (b) gives the potential function for an infinite lattice with its bands 
of allowed levels. 
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The difference between W, and the real values of kz for a given value of 
A can be given by considering W, as a function of k, and defining 


f (kz) - W (kz) — &,*. (15) 


Values of f, for real values of k, are given in Fig. 4 for a particular value of A. 

The value of A will be chosen to be 1/4 for the calculations below, since 
for this value, and for a lattice spacing of 3-5 Angstrom units, the difference 
between the maximum and minimum potential energy in the crystal will be 
about 36 electron volts, a reasonable variation. 
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Fig. 4. Values of f(k,) for real values of k., for A =1 ‘4. 


The Fourier coefficients, 5:,.(k:), can next be computed by means of 
Eq. (9), which in this special case can be transformed? into one or the other 
of the following continued fractions 


Oss A 
bent A? 
+1 ie: aepeceeedin 
A? 
Sng ee 
Sr—2 aad 
(16) 
See A 
bs .r- 7 A? 
1 ie as siamese 
A? 
Sr41 = oo. ae 


° E. C. G. Poole, Proc. Lond. Math. Soc. 20, 382 (1921). 
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where S,=(k.+7r)?—W,. Values of 6;, are computed in terms of 6:9 and the 
value of bso adjusted so that >-,6.,.=1, for normalization purposes. Values 
of the 6's for A =1 /4 for various real values of kz are shown in Fig. 5. 

It can be shown in general, by symmetry arguments, that when k,=n/2 
(2 an integer) 6,,= +6,,_,-,. In intermediate cases, as is seen in the curves, 
bi) is very much larger numerically than any of the other 0's. 
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Fig. 5. Values of the Fourier coefficients 6;(&,) for real values of k,, for A =1/4. Coeffi- 
cients not shown in this figure are negligibly small. 


SCATTERING FROM CRYSTAL SURFACES 


Thus for this simple case it is possible to obtain an exact solution for 
the motion of electrons inside a potential lattice. Let us see how nearly these 
results check with experiments with electrons of high energies. 

Such experiments have been chiefly concerned with the scattering of 
electrons from the surface of a crystal. A simple model of this experiment 
would be a plane electron wave of kinetic energy h?E/8z%u outside the 
crystal. If the potential outside is zero, that inside will be h? V,/87%u plus the 
V given in Eq. (12), since the average potential inside the crystal is less than 
that outside. The values of the W’s used will then be such that W,a?+ W,? 
+W.y?=W=E+ Vo. 

The wave function inside the crystal (positive values of x) will be given 
by the product of three factors similar to Eq. (6). Then, since the wave 
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function must be continuous in value and normal gradient at the crystal 
surface, the wave function outside must be 


Vo = >> Cm exp if [E — (ky + m)2B? — (kz + n)*y?]!/2- 


m ,N=—W 


k , k, \yz | 
+ (ky + m)By + (kz + n)y (18) 


2 


+ Qo Dmn exp it — [E — (ky + m)*8* — (ke + n)*y?]"?- x 
—_ + (ky + m)By + (kz + n)ys\ 


where the C terms represent beams impinging on the surface and the D terms 
represent beams coming from the surface. But to fit the case we were con- 
sidering, where there was only one incident beam with the direction cosines 
a, b and c, we must make all the C’s equal to zero except, say, Coo, and then 
make DP? E =k,73*? and CE =k-y*. To do this we must introduce other internal 
beams, due to the secondary internal reflections from the surface. 

Then the complete wave function inside the crystal is 


Vi = DF, exp i[k.(rs)ax + (ky + By + (kz + 5)y3] 


rT &s=-—2x 


. > Binn(rs) exp i(lax + mBy + nyz) (19) 
i,m.n 
where Bimn(rs) =b2:(Re(rs)) by m(Ry +r) -b:n(k:-+5), and where Foo, the 
coefficient of the primary internal beam, can be taken as unity. The value 
of k,(rs) is determined by the value of W.(rs), where 


a? WW (rs) =E + Vo _ (ky + r)*B* (ky + s)*y? ae B*fy(ky + r) = yf k: + S). 


No negative value of &, is included, since the other boundary of the crystal 
is considered as being at x equals positive infinity, and no beams reflected 
from its surface are present. 

The intensity of these secondary internal rays is determined by | F,, |? 
and will be shown to be small compared to | Foo |?. Since also the B’s decrease 
rapidly (except for special cases considered later) for increasing /, m, n, to a 
good approximation we can neglect all except the Bjoo(rs) for every beam ex- 
cept the primary one, where r=s =0. 

Then the boundary conditions determining the relative magnitudes of 
the D’s and F’s for all C’s equal to zero except Coo are, approximately 


ct + Doo == >> Broo(00) 
i 
Dk: + 1)a@Bio0(00) 


l 


(E _— k,*B° —_ k,*y?)! [2 





& > Doo = 


for the incident and primary reflected and refracted beams. Here C = Coo 
and k.=k,(00) for brevity. Also 
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D,s = > [Bure (OO) os = Bio (rs) | 
1 


> [(k: + 1) B,,. (OO) + F,, (Rr(rs) + J Bigo (rs) | a (21) 
—D,, = ——— ec Se sap oS 7 lane 
: (E — (ky + 28? — (ke + 5)?2y°)"? 
for the secondary beams outside and inside, since all the other C's are zero. 
These equations will hold to a good approximation except in the special 
cases when F,, becomes of the same order of magnitude as Foo (this can only 
happen when B,,,(00) is of the same order as Booo(00), and then not neces- 
sarily). In this case the D's other than D,, will be small anyhow, and the 
resulting inaccuracy in the determination of the reflected intensities will 
be small even in this special case. 
Then the ratio between the incident current of electrons and the regularly 
reflected current is 
| YltaCb)"2/a) — ke — r)ba(ks) |? 
| Doo ‘ r | 
lol | S[@'?/a) + ks + slbalks) 
3 


When &, is not near half integral values, it is nearly equal to (@7E+ Vo)"” a, 
and b,, is the only not-negligible 6,. Then the formula reduces to 
Doo\? [a(E)"? — (atE + V>)'2 


C Fac + (@E+ | 





which is the intensity of reflection when 4 =0. That is, except for special 
values of k:, the crystal behaves as though it were a hollow of uniform 
potential —/* 1) /8r*u with no periodic potential variation at all. 

When k,=n/2, however, we have seen that b,,, = +6,,-,-n, and substitut- 
ing —(s+n) for rin Eq. (22) it is seen that 


- +>> [(aE!/?/a) + (n/2) + s] bas]? 
| Doo! * ° 


ei > [(aE'/2/a) + (n/2) +s] db. 

For the complex values of &:, ‘Doo ‘C? =1, but there is a change of phase on 
reflection. That is, the crystal is perfectly reflecting for every value of 
electronic energy and direction of incidence which has a value of W, for which 
k, is a half integer or is complex. These values of W, for any value of A are 
represented by the shaded areas in Fig. 2. 

Of course in an actual crystal the reflected intensity for these values of 
W, will be considerably less than unity, because a number of electrons will 
interact with the crystal atoms as they traverse the lattice. In any case, 
however, the maximum reflection intensity will be for values of W, some- 
where within the shaded areas in Fig. 2, and can be represented by the 
equation 
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Win = (n?/4) + G,(A) (23) 


where G is a small quantity compared to 1/4, except for the case ” =1. 

When the incident electron stream is normal to the crystal surface, 
W,=f,(0) and W.=f.(0), since ky and k: must both equal zero. Equation 
(18) reduces to 

Wow'=E+V, 
where V,>= Vo—£6*f,(0) —y°f.(0),° which is larger than Vo since the f(0)'s 
are negative quantities. 

In this case the relative intensity of the reflected beam will be a maximum 


when 
E, = (n®a®/4) + a°G,(A) — V, (24) 


from Eq. (23). The ideal curve for a typical case is given in Fig. 6. In the 
actual case, as was previously pointed out, the maxima are less than unity 
and probably decrease in height for increasing , since the peaks are nar- 
rower and the chance of losing energy is greater. The experimental curves 
of Davisson and Germer"™ for nearly normal incidence show just such char- 
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Fig. 6. Relative intensity of the regularly reflected beam as a function of the electronic 
wave number. The incident beam is normal to the 111 surface of a nickel crystal. Lines marked 
ist order, etc., indicate positions of strong x-ray reflection for the same crystal. 


There will also be the other scattered beams represented by the co- 
efficients D ,,,in Eq. (19) whose direction cosines will be (E — m28? — n®y2)"2/EU?, 
mB/E*? and ny/E'*, whose relative intensities will vary with £, but will in 
general be much smaller than unity. 

For an obliquely incident beam whose plane of incidence is parallel to 
the s axis we have 


. 0 (EM sind 
Wat = Ecost6+ Vs — es,(——) 


10 Davisson and Germer, Proc. Nat. Acad. Sci. 14, 622 (1928). 
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where VV. = Vy—y7f:(0) is larger than Vy but smaller than V’,, and where 
# is the angle of incidence. 
The values of @ and & for a regularly reflected beam of maximum intensity 
will be such that : 
Ween o? = (Pa? /4) + 0G,(A) 
similarly to Eq. (23). Substitution in the equation for W’,a? gives 


(E,,)'? sin @,, 
E, cos? 0, = (n?a*/4) — Vy, + ap. —__— “) (25) 
3 

where V,=V.—a°G,, and where £, and @, signify the values of E and 6 

for maximum regular reflection. Since the quantity f, is small for most values 

of its argument (see Fig. +) we see that the wave-length 1/£,'* plotted 

against cos @, gives in general a straight line going through the origin. 

However since fy, is large and discontinuous for values of £, and @, near 
where 

E,"/? sin 0, = mp/2 (26) 
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Fig. 7. Values of electronic wave number and angle of incidence of electron beam for 
strong regularly reflected beam. The crystal is nickel, the surface the 111 plane. Broken lines 
indicate positions of analogous x-ray reflection, 


the curve deviates from a straight line near these values, and is discontinuous. 
A curve of 1/E,,!" against cos @, for values of a, 8 and A corresponding to 
a nickel crystal is shown in Fig. 7." 

" The analysis here has been for the case when the crystal surface is the 100 plane, per- 
pendicular to a crystal axis. In the experiments of Davisson and Germer, the crystal surface 
was the 111 plane, oblique to the crystal axes. In this case, both f, and f, vary, and although 
the discontinuities are of the same character as that given above, their shape is more compli- 
cated. Eqs. (25) and (26) still hold, however, if a and 8 are now considered as the distance 
between atom planes parallel and perpendicular to the surface, respectively, and #(E, sin 
6, /8), a function of f, and f,, be substituted for f, in Eq. (25). Fig. 7 has been computed by 
means of these revised equations. 
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When the experimental curves” for this case are studied it is seen that 
not only is the general form of the curves similar, discontinuities and all, 
but that the positions of the discontinuities correspond. The shape of the 
curves near the discontinuities does not fit exactly, but if a better approxima- 
tion to the actual potential function were used in the calculations, the cor- 
respondence would probably be better. 

The physical explanation of these discontinuities is that for E, sin® 6, 
= m*6?/4 there is resonance, and therefore strong damping, in the y direction, 
and nearly all the electrons are reflected back in a direction exactly opposite 
to the incident beam, leaving none to be regularly reflected. This phenome- 
non was given the tentative name of “anomalous dispersion” by Davisson and 
Germer, and in a way this term is correct, for it is due to a simultaneous 
resonance of the x and y components of the electronic wave number, and a 
consequent damping out of the wave function in the interior of the crystal. 

The other scattered beams in the x, y plane come off at angles ¢», where 


sin dm = sin 6 + mB/E!. (27) 
It can be seen from Eq. (21) that their relative intensities will be 
Dmo| | bym(E"* sin 6) 
C | | by(E'? sin 8) 
Dorks +5 — ke — 1) balks) - (k.’) , 


_— . _— E cos*6 
ae E'? cos ® E}? cos 6 —_—_— 
Dale. ++ =") 


ket+ n+ — =) ben (e)bai(ke) a 
where k,’ is the k.(mo) of the beam reflected back into the crystal at the 


surface, and is a function of the energy W,.’, where 











a Q@ 


: ee _ (E'* sin é 
eW, = E+ V, — (E'? sin 6+ mp)? — af, ( ——-—— a m) 


These secondary internal beams will make a slight change in the magni- 
tude of the primary internal beam, but this can be neglected. The quantity 
bym is only large when £'” sin 9 is near the value —m/2, corresponding to 
reinforcement due to the y, 2 planes of atoms, and, when E and @ also satisfy 
Eq. (23), corresponding to the case of “anomalous dispersion” of the regularly 
reflected beam. The quantity |D,,o/C |? also shows other maxima analogous 
to the various Laue beams in x-ray scattering. 





CONCLUSION 


Thus it has been seen that for high energy electrons even the simple 
potential function used above gives results in good accordance with experi- 
ment. This accordance becomes less and less good as we consider electrons 
with less and less energy, and the results probably do not fit at all for the 


12 Davisson and Germer, Proc. Nat. Acad. Sci. 14, 624 (1928). Later (unpublished) curves 
show a more complete agreement. 
























1324 





PHILIP M. MORSE 





tightly bound electrons in the inner atomic shells, where the allowed energies 
are narrow bands very slightly different from the simple discrete atomic 
levels. For these electrons, also, the interaction between electrons cannot 
be neglected. 

However for those electrons whose energy is greater than —/° V9 87*u 
it seems likely that the results of the simple case discussed above will be 
indicative. So that while this simple case will not tell us anything about fer- } 
romagnetism, for instance, or of any other crystal property which depends 
on the inner bound electrons, it may be of help in discussing those properties 
which depend primarily on the high energy free electrons, such as electric 
conductivity. We have seen that for the still higher energy electrons used in 
scattering experiments, the agreement with experiment is very good. 

When the stationary states inside a crystal of finite size (say a rectangular 
one whose edges are Ld,, \/d,, Nd: respectively, where L, .\/J and N are in- 
tegers) are considered, it is seen that the wave functions are 


(ye 
(Lid,? + M'd,? + N°d,2)"2 


Ss t 
DBimn(r5,!) sin | (= ') ax + (~. + m) By + (— oo ) | 


where the fractions ra/2L, s8/2\M and ty/2N (r, s, ¢ integers) replace the 





Wret vats 


variables x,, Ky and «,, and where the B’s are normalized so that oe Bina® 
=1. From this it can be seen that the distribution of electrons in terms of 
ro? /L?, s°B?/M*, Py?/M* is a normal Fermi one. But, since the energy is a 
complicated function of these quantities, the electron distribution in energy 
is different from that of the completely free electron. 
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AN EXTENSION OF HOUSTON’S AND SLATER'S 
MULTIPLET RELATIONS 


By S. GoupsMItT 
DEPARTMENT OF Puysics, UNIVERSITY OF MICHIGAN 
(Received April 21, 1930) 


ABSTRACT 

Expressions giving the change in the positions of the energy levels with change 
in electron coupling are derived. The change in g-values is discussed also. The method 
of derivation is a short-cut of the rigorous detailed method and therefore simpler. 
One knows the form of the equations of which the desired energies must be roots. The 
coetticients of these equations are determined by the known results for extreme coup- 
lings. This method does not always give all coefficients, but even in complicated cases 
useful relations between the energy levels are found. 


OR the case of two electrons one of which is in an s-state, Houston! ob- 

tained expressions for the four resulting levels for any coupling strength. 
Houston considered the coupling and the spin-orbit interaction as perturba- 
tions and calculates by quantum mechanics the first order perturbations to 
the energy. He also derived expressions for the g-values and for the intensi- 
ties to show their variation with change of coupling. 

As soon as one removes the restriction that one of the two electrons is in 
an S-state the method used by Houston becomes very complicated. Dr. 
Laporte has informed me that one can apply Houston's results to configura- 
tions like p°s and d°s by considering the p° and the d° group as if it were a 
single , or d electron and by taking, in addition, the spin orbit interaction 
with a negative sign. This remark led to the considerations outlined in this 
paper. 

It is possible to get the main results and often even the complete results 
of the detailed theory as used by Houston by a simplified procedure. One 
knows from perturbation theory exactly what type of equations will be 
obtained for the first order perturbations to the energy. Furthermore one 
knows from simple considerations of the vector model the energies in extreme 
(j, j) coupling and in the extreme Russell-Saunders coupling.* In the latter 
case the results of the vector model have to be supplemented with the re- 
sults derived by Slater® which give relations among the distances of various 
multiplets of a configuration. Our knowledge of these extreme cases is 
sufficient to fix the most important coefficients, sometimes all coefficients, 
in the general equation for the energy perturbation. 


'W. V. Houston, Phys. Rev. 33, 297 (1929). 

* Extreme (j.j) coupling means no interaction between the electrons, extreme Russell- 
Saunders coupling large interaction, much larger than the interaction between spin and orbit. 

5]. C. Slater, Phys. Rev. 34, 1293, (1929). 
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From the formulas obtained in this way one hopes to be able to predict 
the position of unknown levels but in this respect the results are rather dis- 
appointing. First of all one must not forget that we consider only the first 
order perturbation; thus neither the coupling nor the spin-orbit interaction 
may be too large. This excludes the very light and the very heavy elements. 
In the former the singlet-triplet and similar distances are often of the same 
order as the total energy, in the latter this is the case for multiplet separations. 
But much worse for their use as predictors of levels is the special form which 
most of the resulting expressions have. Consider for instance a triplet and a 
connected singlet level. If one knows the singlet and two levels of the triplet 
one can predict with great accuracy the position of the third triplet level. 
This great accuracy, however, is due to the fact that this triplet level is not 
displaced very much in going from one extreme coupling to the other. A 
mere guess would have given a fair result. In practice, on the contrary, one 
always knows the triplet and wants to know the position of the singlet. Its 
Variation in position with change of coupling is very large and a small error in 
the known triplet causes a large error in the predicted position of the singlet. 
Of course the percentage error one makes in predicting the triplet level is the 
same as for the singlet level, but for the latter this corresponds to a much 
larger absolute error in position. In general the predictions will be most 
accurate if the singlet is not very far away from the triplet. It is to be re- 
gretted that in practice one just always needs the cases where the prediction 
is most unusable! What is said here for the simple example of a singlet anda 
triplet holds also for more complicated cases. 

Before demonstrating the method by examples we will describe the gen- 
eral equation for the energy perturbation mentioned above. Let us denote 
the perturbation energies by Y,, Y2,.... For instance in the case of two 


electrons XY, is the coupling energy, VY. and Y; are the spin orbit interactions! 
for both electrons, VY, might be the energy in an external magnetic field in 
case we want the g-values, etc. If, in the configuration which we consider, a 
certain value of the total moment J occurs for » levels, their energy perturba- 
tions E will be the roots of an equation of the mth degree, homogeneous in E 


and all the Y’s. 
En + EE” WapXy, + ELON NEE" FWepimN ge NiXm +--+ = 0. (1) 


It is obvious that only in a few cases our knowledge of the extreme cou- 
plings is sufficient to determine a// the unknown coefficients. But we can be 
glad that such rather simple cases form quite an interesting group for which 
there is a large amount of known material and which is also of some interest 
with regard to the prediction of levels. 

In more complicated cases not all coefficients can be found. For example, 
the coefficients of products of different X’s are often not obtainable by our 
method. But even if we know only the first coefficient, that of E"“', it gives 


4 We neglect the interaction bet ween the one spin and the other orbit. See W. Heisenberg. 
Zeits. f. Physik 39, 499 (1926). 
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us interesting information. This coefficient is the sum of the roots, with 
the negative sign, and is, as we see from (1), a linear function of the perturba- 
tion energies. From this one can derive relations among the energies similar 
to the constancy of g-, I’-, and intensity sum rules. 


DEMONSTRATION OF THE METHOD BY EXAMPLES 


The configuration p*. As we are dealing with equivalent electrons we have 
only one coupling parameter XY and one parameter to measure the spin orbit 
interaction, which will be denoted by A. This configuration gives rise to one 
level with J=1, two with J=2 and also two with J=0. In the extreme 
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Fig. 1. Change in coupling for configuration p*. 


Russell-Saunders coupling they would be arranged in an inverted *P, a 'D 
and a'S. The total separation of the triplet is equal to the doublet separation 
which one of the p electrons would show if it alone were present.2 We will 
measure the energies in wave number units and for convenience put the 
ideal triplet separation equal to 34. The arrangement in the extreme (j, /) 
coupling can be found as follows.® The lowest state will have as many electrons 
as are allowed by the Pauli principle with their individual j=}. Thus in this 
state there are two electrons with j=} and the remaining two have j=1}, 


5S. Goudsmit, Phys. Rev. 31, 946 (1928). 


* L. Pauling and S. Goudsmit, The Structure of Line Spectra, McGraw-Hill 1930, page 
256. 
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giving rise to one level with J=2 and another with J=0. Next higher will 
be the state with one electron with j=} and three with j= 14, producing two 
levels with J=0 and 1. The distance between these levels and the former 
group will be just the doublet separation of one of the p electrons, as just one 
changed its 7 from 3 to 1 and this is again the distance which we call 34. 
Finally again 34 higher lies one level with J=0 which results from all 
four electrons having j=1}3. In Figure 1 the left side represents the extreme 
(7, j) coupling, the right side tends to the extreme Russell-Saunders coupling. 
As reference level we will take the single level with J=1 and give the other 
levels by their distance / from this level.?; Our equations (1) are thus for 
this example: 


J 1: FE, = 0 
J 0: Eé + Eyl aX a bA) a cX? + dX A _ eA- = 0 (2) 
J =2: Eo? + Ex(pX + gd) + rX? + sXA 4+ 44? = 0. 


II 


Now for Y =0, in the extreme (j, 7) coupling the results must be 
X = 0: Fy = — 34 and + 34; Es = 0 and — 3H. 


From this follows immediately for the coefficients: 


In the extreme Russell-Saunders coupling we consider first the finite roots. 
X large: Ey = +A; BE, = —24. 

This gives 
c=0, d=—a; r=0 s=02Dp. 


The large roots in that case will be 
Ey = — aX; E, = — pX. 


They represent the 'S, and the 'D.. Now we need the result obtained by 
Slater in his above quoted paper, informing us that in the extreme Russell- 
Saunders coupling the order of the levels is as in our Fig. 1 and that the dis- 
tance between *P and 'S is 5/2 times that between *P and 'D. If we thus put 
—p=2, we must take —a=5 in order to agree with those results. The total 
set of expressions for p* thus becomes 


J =1: EF, = ( 
J = 0: Ep? — 5XEo + 5XA — 9A? = 0 (3) 


J =2: E.? — (2X — 3A)E, — 4XA = 0. 


For practical purposes it is easiest to choose A as the unit of energy as is 
done in Fig. 1. The figure shows the interesting crossing over of the triplet 
7 In some cases the formulas become somewhat simpler if one chooses the center of gravity 


of a multiplet or of all the levels as reference level, but in practice it is easier to do it the way it 
is done here. 
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levels with J=0 and J=1. This explains for instance the partial inversion of 
this triplet as observed in tellurium.* With this same example we can check 
our expressions. The sum of observed E’s for the levels with J=0 is 5X = 
— 44+ 18441 =18397. For the levels with J =2 this sum is equal to 2X —3A 
and is observed to be —4751+5808=1157. It follows 


X = 3680 A = 2068, X/A=1.78. 


The energies calculated with these values are :° 


J=0Ocale. — 13 obs. — 44 
+ 18410 + 18441 
J=2 — 4970 — 4751 
+ 6127 + 5808. 


Figure 2 represents the interval ratio of the triplet as a function of X/A. 
This figure may be usful to predict roughly the singlets if one knows the trip- 


sf « 














c 4 6 e) i( 12 
X/A 


Fig. 2. Interval ratio for p* *P for change from (j,j) to Russell-Saunders coupling. 


let in cases near the Russell-Saunders coupling. In such an extreme one may 
take for A one third of the observed total triplet. The triplet intervals must 
be known with accuracy however and it is therefore impossible to do this in 
the very important case of the oxygen spectrum. Assuming the interpreta- 
tion of the auroral line to be correct, we can predict the position of the singlets 
with respect to the triplet and find (this time referred to the lowest level *Po): 


IDs = 11984 1S = 29909 


which is very near the estimate of McLennan and Crawford.'® 





8 J. C. McLennan and M. F. Crawford, Nature 124, 874 (1929). 

* As was said above one can check the formulas in such a way as to make them come out 
either in good or rather bad agreement with the experiments. The way it is done here, however, 
is probably the least objectionable, being between the two. 

10 They give 10587 and 28512 which again proves that for predictions of this kind the in- 


tuition of an experienced spectroscopist is at least as good as any formula. Nature 124, 874 
(1929). 
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The configuration p*. Figures 3 and 4 give the result for this configuration. 
As was to be expected it differs from p* only in the sign" of the coefficients of 
‘Al. Here there is not such an interesting crossing over of levels as in the p* 
case. The total triplet distance is the same in both extreme couplings, but in 
between it is somewhat /arger, which is the remarkable fact discovered by 
Sawyer and Humphreys." It does not check, however, quantitatively. 


nm 




















Fig. 3. Change in coupling for configuration p? 


We find a good fitting example in Sn I. By the same method used in the 
example for f* one obtains: 


J =0 cale. — 1633 obs. — 1692 
+ 15412 + 15471 
J =2 + 1649 + 1736 
+ 7008 + 6921. 


The configuration p*. This configuration gives one level with J = 23 one with 
J =} and three with J=1}. In the extreme Russell-Saunders coupling they 


1 It might perhaps have been better to take A negative in the case of p* and then the for- 


mulas for both cases would have been identical. 
12, R. A. Sawyer and C. J. Humphreys, Phys. Rev. 32, 582 (1928). The explanation which 
I suggested at that time and which is mentioned in that article is now of course to be considered 


as pure nonsense. 
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form a 4S, a *D and a *P, the first one being the lowest and from Slater's 
paper we obtain that their distances are in the ratio 3:2. From the theory of 
multiplet separations we know that in the ideal case the 2D and ?P would 
show no multiplet splitting at all. For the extreme (j, j) coupling we find™ 
a lowest level with J =1}, a distance 3A higher we find three levels with J = 
>, 13 and 2}. Finally again 3A higher there is the third level with J=13. We 
will choose the level with J =23 as reference level. For the level with J =} we 








‘4 
Fig. 4. Interval ratio of p? °P for different strengths of coupling. 
expect a linear equation but for the three levels with J=1} we must have a 


cubic equation. Writing down these equations with unknown coefficients gives 
us: 


J=23:E: 
J=3 :E) = pX+¢A (4) 
J = 13: Ey? + Ey?(aX + 0A) + Evq(eX? + dXA + eA?) 


+ fX* + gX°*A + AXA* + 142 = 0. 


It is easily found that the coefficient g for E; must be 0. With regard to Sla- 
ter’s result we will most conveniently choose p=2. For J=1} we have the 
following known roots: 


X = 0: Ey = — 34,0, + 3H. 
N = large: Ey = — 3N,0,2N, from Slater’s results. 
This gives 
i= 0, b= 0, e= — 9; 
f=0, a= 1, c=-—6. 


We still can determine two more coefficients by remembering that the dou- 
blets in the extreme Russell-Saunders case must have zero separation. This 
means that their levels must fall together even if we take the first order terms 
of A into account for large Y. From this it follows that 


d=0 and g=0. 


I see no way, however, to find the coefficient 4 by the method used here. The 
final equations are thus 


18 Pauling and Goudsmit, reference 6, 256. 
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J = 2!: Ey = 0 
J=1:K,;=2N (5) 
J = 13: Ey§ + NEw? — (OX? + O42) Ey + ANA? = 0. 


The first coefficients tell us that the sum of the levels with J =1} is half the 
distance of the level with J =}, all referred to E»,. In As for instance we find 
Ey =7271 =2X and the sum for J = 13 is 3580 which indeed checks very well.'* 
No good agreement can be found in Bi and in N, in the former case A and in 
the latter Y is probably too large for a first order perturbation calculation to 
be sufficient. 
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Fig. 5. Addition of an s-electron to a ‘P-state for different strengths of coupling. 


The configuration ®*P +s and similar ones. It sometimes occurs that an elec- 
tron is added to a very regular multiplet state of the next ion for which the 
connected multiplets of the same configuration are far away. Under such cir- 
cumstances one may sometimes consider this multiplet as a state in itself and 
neglect the presence of the other states of the configuration. For such cases 
we can derive expressions for the variation of the levels with coupling, if we 
assume that the multiplet state to which the electron is added does not 
change at all. We will demonstrate this with the simplest example, a *P state 
with an added s-electron. In the extreme (j, /) coupling we find the triplet 
itself, slightly split up by the addition of the electron, as shown at the left of 
Figure 5. The total triplet separation we put equal to 3A. In the extreme 
Russell-Saunders coupling we obtain a‘*P and a?*P. The theory of multiplet 
separations" tells us that the separations in the quartet are 5/3 A and A, and 
the doublet separation is 2A. With the method described before one now 
finds, choosing the level with J =23 for reference, the following equations: 


4 As the doublets in this example are small it proves Slater’s relations rather than our 
formulas. 
'’ For this case see S. Goudsmit and C. J. Humphreys, Phys. Rev. 31, 960 (1928). 
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J= 23: Ex = 0 
J = 13: Ey? — (X — 2A) Ey — 5/3AX = 0 (6) 
J =}: Ee —(X — SA)Ey — 8/3AX + 642 = 0. 


Though these formulas may give the qualitative change very well, one can 
hardly expect a quantitative agreement except perhaps in a few extreme 
cases. Sb 1is anexample where the ?P overlaps partially with the *P as shown 
in the left of Fig. 5. 

It is not difficult to obtain the formulas for the addition of an s-electron to 
any multiplet, but if a p- or d- electron is added, it becomes much more 
complicated. 

The configurations d* and d*. As final examples in this paper we shall give 
the results for these configurations. They can be treated simultaneously and 
will differ in the sign of A, which will be positive for d* and negative for 
d’. The levels arising from these configurations are 


two with J=4 
one with J=3 
three with J=2 _., 
one with J=1 
two with J=0. 


We shall use the single level with J=3 as reference level. In the extreme 
Russell-Saunders coupling one finds *F, *P, 'G, 'D, \S. The distances of the 
centers of gravity of the various multiplets in the extreme Russell-Saunders 
coupling from the center of gravity of the *F, to which our reference level 
belongs, will be denoted by 


3F to §P = aX 


G = pNX 
ID= 7X 
S = 6X. 


From Slater’s results one obtains among the coefficients the following rela- 
tions (for d? only): 


a= 15-153 


B=12+ 2 : 

(7) 
y¥= St & | 
6 = 22 + 2it. 


In these expressions / is a new parameter, which from Slater's estimates is 
about 1/4. Slater showed for this configuration that the coupling energy 
depended upon two integrals, which will be different from case to case. These 
two integrals determine our coefficients. In dS’ and many other configurations 
more integrals enter combined in such a complicated way that no simple rela- 
tions between the coefficients exist. 
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To determine as many coefficients as possible in our final formulas we 
must again take into account the first approximation in A for large Y. This 
means that though the multiplets are far apart, we do not neglect their own 
splitting up, which, by the way, we know exactly from multiplet separation 
theory. We take the doublet separation for a single d-electron equal to 54. 
The total separation for the *F in the extreme Russell-Saunders coupling is 
then 7A, and for the *P it is 3:1. Remembering that the distances expressed 
in Y are between the centers of gravity one finds the following energies in the 
extreme Cases: 


J=3 kk; = 0, reference level. 
J=0:X =0: Ey = 5A, — 5:l 
X large: (aX — A), (6X + A) 
J=1: FE, =aXx 
J=2:XN =0: F2=0, +54, — 5A 
NX large: — 3A, (aX + 24), (yX + A) 
J24:X =0: E,20, + 5: 
NX large: + 44, (GN + 4A). 


The following expressions are the final results. One sees again that one 
coefficient in the cubic equation for J=2 could not be determined by our 
method. 


J=3:E,=0 
J = 0: Ep? — (a + 6)NEo + adX? + (a — 5)NA — 25427 = 0 
J=1:E,=aX (9) 
J = 2: E3 — (a+ y)NE? + [ayX? — (Qa + y)NA — 254°] Fe 


+ 3ayX7*A + AXA? = 0 
J=4: EP? — (8X + 5A)E; + 48NA = 0 


THE ZEEMAN EFFECT 


The application of an external magnetic field may be treated by the addi- 
tion of a perturbation parameter to our formulas. We denote the field 
strength by //, expressed in the right units so as to obtain wave numbers in 
our equations. We then add terms with J/ to all our coefficients, but as we 
are only interested in the results for weak fields, we need consider the terms 
in the first power of JJ only. We shall discuss the simple case in which the 
energy is given by a quadratic equation. One can easily extend it to more 


16 For this purpose the wave-number shift of the normal Zeeman effect must be chosen as 
the unit. 

17 Taking into account all the powers of /7 would lead tothe study of the Paschen-Back 
effect, which has been done in great detail by C. G. Darwin, Pree. Roy. Soc. A115, 1 (1927). 
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complicated cases but it is then in general impossible to determine all the 
necessary coefficients by our method. Equation (1) we will now write 


E2 + E(x + pH) + yo + gol = 0. (10) 


In this equation x, y2 and z stand symbolically for the linear and quadratic 
functions of the other perturbations, such as Y and A. We assume that x and 
y2 are completely known from the problem without field. The term in /7* has 
been purposely omitted. We know that the field splits each level into a num- 
ber of levels with different values of the magnetic quantum number ./, but 
for our purpose we consider only an arbitrarily chosen value for this number. 
If E’ and E”’ were the energy levels without field, they become in the field 


E = E'+ Me'H and E” + Me" H. 
Substituting these values in (10) leads at once to 


: pE’ + qs pE” + qs 
= ———= 2 gs = ——— ; (11) 
2E’ + x 2E” + x 








There originally stood ./g’ and ./g’’, but just because .V enters here merely 
as a proportionality factor we can put it equal to 1 irrespective of the fact 
whether this is an in reality possible value for ./ or not. From the first part 
of this paper we have 


x= — E' — E”. 
Substituting this and adding the two g-values shows 
gg +" = = p. (12) 


This is the well-known g-sum rule for this simple case and it tells us at once 
the value of the coefficient p. The coefficients g of the linear function z of the 
other perturbation parameters has not such a simple meaning but can always 
be found by means of the known g-values in extreme couplings. 
In our example of the configuration p‘ we find for instance 
S/2E—3X+7/2A 5/2E’ — 3X + 7/2A 


for J = 2 g= = "on —s 13) 
B” -2E — 2X + 3A E! — E” \ 





For p? one obtains again the same formulas but with the sign of A reversed. 


CONCLUSION 


We have illustrated our method of deriving relations between multiplets 
by various examples. Needless to say it is possible to apply it to many more 
cases than have been mentioned here. For instance it is clear that the formulas 
derived by Houston can be easily obtained by our method. 

In a following paper a few more cases will be treated and the formulas will 
be applied to the available spectroscopic material. It is actually surprising 
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that in many instances they are not so very bad after all and even the dis- 
crepancies may prove to be of interest.'® 

The intensities can be treated by a similar procedure as used in this paper 
especially since we now know the intensity formulas for the extreme (j, /) 
coupling from the recent paper by Bartlett." 

This and the following paper, I hope, will contribute a little bit to the 
understanding of spectra with intermediate coupling. The fact that so few 
of such spectra have been analysed at present is certainly only due to a lack 
of theoretical knowledge of their structure, for the classification of these spec- 
tra can not be so very much harder than for multiplet spectra. But one must 
not look for multiplets in spectra where there are not such structures and one 
perhaps ought to start by abolishing the use of multiplet notations in those 
cases, where they are, in the main, meaningless and misleading. 


18 Compare a paper by Laporte and Inglis treating important examples of the d*s and 
p®s configurations, as was mentioned at the beginning of this article. This issue, p. 1337. 
19 J. H. Bartlett, Phys. Rev. 35, 229 (1930). 
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obeying a (Z—a)* law and secondly those depending upon the coupling be- 
tween the electrons. Although through the researches of Goudsmit! and Sla- 
ter? the niveau distances are known in the extreme cases of pure Russell- 
Saunders and of pure {jj} coupling, the transition stage has heretofore been 
investigated only for simple configurations of two electrons one of which is in 
ans state. The formulas of this case were given by Houston.’ 





singlet term with inner quantum numbers /—1, /,/]+ 1 and /; the total separa- 
tion of the triplet term which is given by the Sommerfeld formula 


is small compared with the distance between the two terms. Here A denotes 
the so-called interval factor, m and/ are the quantum numbers of that electron 
which is not in the s state; Z is the nuclear charge, ¢ the screening number and 
Ro? a universal constant with the value 5.82. The position of the middle 
triplet level is fixed by Landé’s interval rule. 


RESONANCE SEPARATIONS IN CONFIGURA- 
TIONS OF TYPE ’s and d°s 


By O. Laporte AND D. R. INGLIS 
DEPARTMENT OF PuHysics, UNIVERSITY OF MICHIGAN 
(Received April 21, 1930) 


ABSTRACT 
Considerations concerning the invariance of the configurations p> and d® with 
changing coupling lead to application of Houston's formulas to the cases p's and 
d°s with negative A and X values. The expressions thus obtained are tested on the sep- 
arations and g values of numerous spectra. The agreement is satisfactory. 


S IS well known the separations of the levels within a configuration 
depend upon influences of two kinds: firstly those of relativistic origin 


For pure {ZS} coupling such a configuration yields a triplet and a 


Av a&(Z—<a)! 
a he (1) 
R wil + 1) 





In the other extreme case of pure {jj} coupling the four levels are ar- 


ranged in two narrow doublets with the distance (1) from each other. All 
one knows from elementary considerations about the transition is that the 
change in coupling will not affect the distance between levels whose inner 
quantum numbers occur only once, like /—1 and/+1. 





If we define the centroid of the triplet term in the well-known way by 
riJ) = 3A(J(VJ + 1) — ld + 1) — 2), 


then the general formulas of Houston for the transition from {Ls} to { iz} 
coupling may be written: 





1S. Goudsmit. Phys. Rev. 31, 946 (1928). 

2 J. C. Slater, Phys. Rev. 34, 1293 (1929). 

3 W. V. Houston, Phys. Rev. 33, 297 (1929). 
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= 1 
ri) = A = — + Zk + 1)?+ 4/(1 + 1))! ‘ 
Pd + 1) = Al 
(2) 
ry i — 1 1 . 
T.(/) = a{= — “i + 1)? + 4/(] + 1))! ‘t 
rid — 1) = — Ad + 1) | 


X is the parameter which describes the transition; for Y = © we obtain pure 
'LS!, for X =0 pure {jj} coupling. 


MopiFicaTion OF Houston's FORMULAS 


The application of these formulas to configurations of type p*’s and d°s 
suggested itself to the authors for two reasons: firstly the inner quantum 
numbers are the same as in the cases ps and ds, and secondly it follows from 
the above mentioned considerations of Goudsmit, that the configurations 
p’ and d@° yield regardless of coupling 2,P and *D terms the separation of which 
is given by (1). The only difference is that these terms possess a negative A 
value, 7.e. they are inverted. In (2) a negative A value would mean that (for 
large Y) the singlet lies below the triplet term—which is almost never the case. 
Upon changing the sign of X also, it is seen however that the singlet term and 
the middle triplet level change places. Thus a negative X as well as a negative 
A brings about the desired arrangement with an inverted triplet term and a 
singlet level above it. If then —Y =X’ and —A =A’ with X’, A’>0 are 
introduced into (2) we obtain: 





X’+1 i ) 
r,(/) = ok or +N" — 1)? + 41(7 + 1))! 7 | 
rd — 1) = A’ +1) 
X’+1 1 (3) 
ri() = At —— — ce — 1)?+ 447+ 1))!” ‘\ 
rid +1) =-A’/. 


For positive X’ the magnitude of the four [ values is in the order in which 
they are given above. It is readily seen that for large or small X’ values, that is 
to say complete | ZS} or complete {jj} coupling, the levels have indeed the 
position required. 

All that has been said about the separations holds mutatis mutandis for 
the g values of the Zeeman effect. Due to the principle of the permanency of 
the g sums the g values of the outer triplet levels (with inner quantum num- 
bers /+1) are independent of the coupling. They remain unaltered and thus 
offer nothing new. The g values of the middle triplet level and the singlet 
level however are obtained from Houston’s expressions by introducing —X = 
X’>0O. Thus the following formulas are arrived at: 
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y’-1 ) 
gl) = 1 + ———— 4+ ——— ——___—__—__—_—_— | 
21+ 1) QE + AY((N’ — 1)? + 4 + 1)" | - 
1 a anf | 
gi) = 1+ ————- - _ 
2+ 1) Wd + 1)((X’ — 1)? + 40 + 1)? J 


CoMPARISON With Data 
A vast amount of spectroscopic material can be interpreted by means of 
the equations (3), because levels of type p*s and d*s occur in a series of well 
investigated spectra of rare-gas type and of Ni, Pdand Pt type.* Fortunately 
these spectra have lost their Russell-Saunders character almost completely. 
The comparison with the data was carried out in the following manner. First 
from the distance ['(/—1)—T'(/+1) =A’(2/+1) the values of A’ were ob- 
tained. Then by means of the second and fourth equation (3) the position of 
the centroid was determined. Finally two independant values of Y’ were 
calculated from TP, and [; by means of the formula 
ri .2 Kl + 1) 
X’ 1.2 = ob) pe Ere ae (3’) 
A’ (Ty 2/4’) -— 1 
in order to avoid giving preferance to either level. The agreement of these two 
determinations is a measure for the degree of accuracy with which (3) repre- 
sent the measured separations. 
The following Tables I and II give the numerical values for the levels of 
type p*s and d°s respectively. The first and second columns contain symbols 





TABLE I. 

. | Configu- op ls oy , ;, ; ’ 

Spectrum | ration '1P, —3Po | FPy— P,| P,—*P,» A NX» X, 22 ra 
Ne | 2p3s | 1070.1 | 359.3} 417.4} 258.9 5.75 | 5.78 | 1.036 1.464 
Nel | 2pats 153.7 584.0) 194.8) 259.6 1.33) 1.35 | 1.220. 1.280 
Nel | 2p'5s 50.1 | 693.6) 84.6 259.1) 0.53 0.53 | 1.291 1.209 
Nel | 2p*s 21.7 | 738.6 42.7 | 200.4 | 0.24 | 0.25 | 1.314 | 1.186 
Ne I | 2p 11s 3.28) 775.5 4.70 200.1 0.04 0.03 | 1.331 | 1.169 
Nall | 2p53s | 2481.0 | 592.0| 765.5 | 452.8 | 7.17 | 7.14 | 1.023 | 1.477 
Mg III | 2p%3s | 3688 =| 977 1216 731 6.86 | 6.60 | 1.026 1.464 
Al | 3p'4s | 846.2 | 803.1 | 006.8) 470.0 3.09} 3.11 | 1.101 | 1.399 
Al | 3p%s | 64.7 | 1236.5 77.1 | 471.2 | 1.56} 0.25 
Al 3p*7s 9.23 1393.7 48.3 | 477.7 0.05 | 0.12 | 
Al | 3p*8s 18.5 | 1452.5 | —21.0 | 473.0 | 0.13 —0.07 | 
Al | 3p°9s 8.61 1420.2) 11.1) 473.1 0.03 | 0.08 
KIT | 3p'4s | 1312.0 | 1912.5 | 730.0 880.8 2.69 1.54 | 1.16 | 1.34 
K II | 3p'5s 291.8 | 1734.1 | 417.4 | 716.8 | 0.99) 0.99 | 1.251 | 1.249 
Ca lll | 3p 4s | 1985.0 | 1681.4 | 1383.5 | 1021.7 | 3.38) 3.45 | 1.087 | 1.413 
Call] | 3p%5s | 355.9 | 2402.3 | 563.4 1041.9 0.85 | 1.10 | 1.252 | 1.248 
Krl | 4p%5s | 655.0 | 4274.9 | 945.0 | 1740.0 0.920 0.915 | 1.257 | 1.243 
Xel | Sp%s | 988.3 | 8141.6 | 977.6 | 3043.1 0.80 | 0.51 | 1.281 | 1.219 


4 The sources of data on the Ni-, Pd-, and Pt-like spectra are listed in a paper by J. E- 
Mack, Phys. Rev. 34, 18 (1929). Other sources are: Cu: G. Kruger; Phys. Rev. 34, 1122 (1929), 
Ne: F. Paschen and R. Goetze, Seriengesetze der Linienspektren, 1922. Na: O. Laporte, 
Nature 121, June 16 (1928). Mg: J. E. Mack and R. A. Sawyer, Science 68, 306 (1928). 
A: K. W. Meissner, Zeits. f. Physik 39, 172 (1926); 40, 839 (1920). K, Ca: I. S. Bowen, Phys. 
Rev. 31, 497 (1928). Kr: W. F. Meggers, T. L. de Bruin, C. J. Humphreys, B.S. Journ. Res. 
3, 129 (1929). 
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for the spectra and configurations in question. In the third, fourth and fifth 
columns the separations of the four levels are given in cm~. The sixth column 
contains the values of the interval factor 4’. The seventh and eighth columns 


TABLE II. 














| Configu- , os ‘ |, P , > . 

Spectrum | ration | D:— * D— " D:- DJ A X, X | &2 | a 
Nil 3d°4s | 1696.8 | 833.3 | 675.0 | 301.66 7.90 | 8.12 | 1.015 | 1.152 
Nil 3495s | 150.4 | 1322.2 | 184.1 | 301.26 1.06} 1.11 | 1.082 | 1.085 
Cu Il 3d%4s | 2266.0 | 1151.2 | 918.5 | 413.94! 7.73 | 8.02 | 1.015 | 1.151 
Cu Il 3d°Ss 281.7 | 1748.7 | 320.9] 413.9) 1.44) 1.38 | 1.077 | 1.090 
Cu Il 3d°6s 95.7 | 1935.7 | 133.9] 413.9 | 0.54) 0.57 | 1.091 | 1.070 
Cull 3d°7s 51.1 | 2001.6 69.6} 414.2 | 0.29 | 0.29 | 1.095 | 1.071 
Zn III 3d°%4s | 2050 1576 1178 | 551 6.93 | 7.09 | 1.018 | 1.148 
Ga IV 3d%4s | 2937 2120 1455 715 6.14} 6.26 | 1.022 | 1.027 
Ge V 3d%4s | 3180 2796 1740 907 5.42 | 5.46 | 1.027 | 1.139 
Pd I 4d°5s | 1627.8 | 2338.9 | 1191.0 | 706 3.92 | 4.26 | 1.051 | 1.115 
Ag II 4d°5s | 2306.5 | 3017.7 | 1557.1 | 915 4.89 | 4.32 | 1.034 | 1.132 
Cd III 4d°5s | 2652.4 | 3866.0 | 1900.1 | 1153.2 | 3.91 | 4.08 | 1.040 | 1.127 
In IV 4d°%5s | 2871 4912 2196 1422 3.51 | 3.67 | 1.044 | 1.122 
Sn V 4d%s | 3025 6142 2478 1724 3.15 | 3.27 | 1.049 | 1.117 
Pt I $d%s_ | 3364.3 | 9356.1 | 775.9 | 2020 | 2.96) 0.73 | 
Au Il Sd%s | 1855.3 |10125.2 | 2001.5 | 2545.3 | 1.53 | 2.03 | 1.070 | 1.006 
Hg Ill Sd%s | 2679 = |12377 3179 3111 1.76 | 2.05 | 1.068 | 1.098 
TI IV Sd%s | 2916 |15277 3588 3773 1.56 | 1.87 | 1.071 | 1.127 




















give the two values of Y’ as calculated from (3’), and finally in the ninth and 
tenth columns the g values are listed which were computed from (4) using an 
average \’. 
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Fig. 1. Values of '/A’ plotted against Y’. 


In Fig. 1 and 2 the values of [/A’ are plotted against Y’ for the configura- 
tions p's and d*°s. Obviously by dividing with A’ we free ourselves of the 
dependance upon the spin doublet of the preceding ion and are then in a 
position to study the dependence of the separations upon YX’ alone. 
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The bad agreement in the case of platinum is probably due to the fact 
that our equations (3) which are only the result of a first order calculation do 
not hold in the case of very large A’ values which are comparable with the 
ionization potential d*s —d*. We thus understand the better agreement for the 
higher isoelectronic analogues of Pt I, namely Au IT, Hg ITI, etc. 

On the other hand the total lack of agreement for the higher series mem- 
bers 3p*6s to 3p°9s of A I renders doubtful the identifications of the combina- 
tions involved. The same might be said of 3p*4s of KX IT. 
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Fig. 2. Values of A’ plotted against Y’. 


It is interesting to study the dependence of X’ upon Z for a group of 
isoelectronic spectra. It seems that after some initial irregularities Y’ varies 
almost linearly with Z. 

The only spectrum in which a comparison of the equations (4) with the 
experiment is possible, is Ne I. In this spectrum the g values of the singlet 
and the middle triplet level of 2p°3s were measured by Back.’ The following 
Table III gives the comparison of experimental and theoretical values. 








Taste III. 
observed | calculated | calculated | calculated 
(Back) | Table II. | {LS} coupling | {jj} coupling 
Ss Re eee Sees Sees 
ge 1.034 | 1.036 | 1.000 | 1.300 
£1 1.464 | 1.464 | 1.500 1.200 

















The agreement is excellent. Many attempts have been made in the past 
to compute the g values of these Ne levels, but naturally only the values in 
limiting cases were obtained. 


5 E. Back, Ann. d. Physik 76, 329 (1925). 
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SINGLET-TRIPLET INTERVAL RATIOS FOR sp, sd, sf, 
p’s AND d*s CONFIGU RATIONS* 
By E. U. Connon anp G. H. SHORTLEY 
UNIVERSITY OF MINNESOTA 
(Received April 29, 1930) 


ABSTRACT 

A systematic comparison of the known data on the singlets and triplets arising 
from sp, sd, sf, p’s and d*s configurations with the theory of Houston shows that the 
theory gives a good account of the deviations from the Landé interval rule which 
accompany departure from Russell-Saunders coupling. There are numerous signifi- 
cant discrepancies, however. Writing 'Z; and *L;.;, *Z;, *Ly-; with L=P, D, F, when 
/=1, 2, 3 for the term values, we plot as abscissa (§Z;-;—*Li,:) |°Li—'Li and 
(@Ly-1—8ZL,), @Li—*L7,,:) as ordinate if (£;—'L,) is positive, otherwise the reciprocal 
of this quantity. Houston's equations (12) give functional relations between these 
interval ratios which are compared with the experimental values. 


OUSTON! has worked out an approximate quantum mechanical theo- 

ry of the relation of the triplet interval ratio to the singlet-triplet 
interval for two electron configurations in which one of the electrons is in 
an s state, but the comparison he makes with experimental data gives one 
very little idea as to just how accurate the theory is. The purpose of the pres- 
ent paper is therefore to make a systematic comparison of the available 
data with Houston's theory. 

If we write the terms of a singlet-triplet system as !Z), *Z,,;, °Ly, *Li-1, 
with L=P, D, F, when /=1, 2, 3, Houston's equations (12) give the following 
relative term values in terms of the parameter Y, which is the ratio of the 
exchange perturbation integral to the perturbation theory integral which 
measures the spin energy. (The first classification applies to Y >0, the second . 
to X <0.): 


3h, = — RN -—1) —34{(V 4124+ 4041)" 

Lie —l 

iL = — NX -—1)4+34(V 4 124+ W041) 4" 

i, = 1 +1. ) 


Fig. 1. illustrates the behavior of these intervals. With X large and posi- 
tive the triplet has the Landé interval and the singlet is high above the triplet 
as ata. As X approaches zero the levels approach coincidence in pairs as at 
b; and with X large and negative we again have the Landé interval with the 
singlet far below the triplet as at c. ’ 


* This paper was presented at the Washington meeting of the American Physical Society, 
April 24, 1930. 
4\W. V. Houston, Phys. Rev. 33, 297 (1929). 
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The theoretical curves of Figs. 2 and 3 are plotted as follows: For abs- 
cissa is used (*Z)-1—*Li41)/ |3L,—'Z, |. For the lower curve, X>0, the 
ordinate is (@L,-,—*L,)/@L.—*Li.1), which goes from //(/+1) with abs- 
cissa zero, to zero with abscissa one. For the upper curve, X <0, the ordinate 


‘L, 
1, —+— ——. 
am del Sea es le] z tel 
Re x>0  xX<O sy met 
s jo =——_ — L, 1 
1 e 
a 6 ¢ 
—-L, 


Fig. 1. Diagram illustrating the behavior of the singlet-triplet intervals. (a) XY large 
and positive. (6) Y very small and positive. (c) YX large and negative. 


is the reciprocal of this, @L,—*Z).:)/(@L,1.—*L,), which goes from zero with 
abscissa one to (/+1)// with abscissa zero. The fact that the abscissa starts 


increasing (to (+3) /(/(/+1))! * at Y = —1) shows that 'L,—‘*L, becomes less 
than the whole spread of the triplet until the ordinate equals 1/2/ at Y = —2. 


Taste I. Coordinates. 


t indicates a point which is not plotted on account of large probable error (see text). 
* indicates a point which does not fall within the limit of Figs. 2 and 3. 


0.323 0.3606 Phys. Rev. 34, 402 


re 5s5p 
Elem. Config. Abs. Ord. Sources Tl IL O6s6p 0.528 0.316 Phys. Rev. 35, 236 
—— 7p 0.403 0.088 
Al II 3s3p 0.0084 0.493 Int. Crit. Tab. Zn I) 4s4p 0.0106 0.489 Int. Crit. Tab. 
4p 0.0293 0.481 Sp 0.0507 0.475 
Sp 0.1145 0.445 6p 0.0589 0.464 
Ba I 6s6p 0.2301 0.422 Int. Crit. Tab. 7 0.06606 0.456 
7p 0.1410 0.420 | &» 0.0651 0.464 
8p 0.1181 0.619 | Opt 0.0739 0.514 
C I 3s2p 0.0527 0.499 Proc. Roy. Soc. A118, 43 Yt IL SsS3p 0.321 0.380 Bur. Stand. Jl. of Res. 2, 
Ca l 4s4p 0.0179 0.494 Int. Crit. Tab. 738 
Spt 0.1253 0.110 —- 
Cd Il Ss5p 0.1315 0.462) Int. Crit. Tab. 
6p 0.1095 0.406 ee ae ee See ee 
7p 0.202 0.355 es 0 
N -@ f « 
op pg gy | Elem. Contig. Abs. 9 Ord. Sources 
mS ee Ole See See Bee 8 Al IL 3s6p* 0.1045 2.193 Int. Crit. Tab. 
; Ss4p gy rte Phys. Rev. 31. 786 Ca I 4569 0.0140 1.950 Int. Crit. Tab. 
Ge I Ss4p 0.719) 0.177 YS. REV. Dh, f Hg | 6s9p* 0.3935 §.356 Int. Crit. Tab. 
6s4p 0.914 0.095 10p* 0.1273 7.135 
Ge III 4s4p 0.0818 0.465 Phys. Rev. 34, 698 Lip* 0.1131 8.73 
~ 5 ed > in a ~ - “ Y- =_* nT 
Hg 1 6s0p 0.436 0.382 Int. Crit. Tab. Sr I Ssip* 0.0902 2.100 Int. Crit. Tab 
‘ 7p 1.035 0.094 a ae es 
8p 0.952 0.056 _ 
Mel 3s3p =: 00.0046: 0.487 Int. Crit. Tab. —_—_————— 
N Il 3s2p 0.080 = =0.235 Proc. Roy. Soc. All4, 662 ; : pes (X <0) 
4s2p 0.135 = 0.437 Elem. Config. Abs. Ord Sources 





5332p 0.305 0.373 -—— ———————~— -—— 
O Ll 3s2p 0.0658 0.458 Proc. Roy. Soc. ALLS, 43 A 1 3p'4s 0.854 0.756 Zeits. f. Phys. 40, 839 
l 


Pb 7s6p 0.972 0.032 Phys. Rev. 33, 301 6s 1.008 0.0578 

Pb II] 6s6p 0.600 0.274 Phys. Rev. 34, 397 7s 1.021 0.0282 

Sb IV 5Ss5p 0.278 0.388 Phys. Rev. 34, 402 9s 1.002 0.0078 

Si I 4s3p 0.221 0.395 Zeits. f. Phys. 40, 530 Ca Ill 3p'4s 0.814 0.823 Phys. Rev. 31, 501 
Sn 1 6s5p 0.918 0.074 Phys. Rev. 30, 574 : 5s* 1.109 0.269 i 
Sn HL Ss5p 0.230 0.407 Int. Crit. Tab. K II 3p54s 0.819 0.383 Phys. Rev. 31, 501 

6p 0.598 0.226 | $s 1.063 0.241 ‘ 
Sr I 5s5p 0.0808 0.474 Int. Crit. Tab. | Kr I 4p5s 1.058 0.221 B.S. Jl. Res. 3, 154 


6p 0.607 0.395 Na Il 2p§3s 0.442 1.293 Phys. Rev. 31, 967 
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Taste I (continued) | 


Phys. Rev. 35, 236 


Ne l 2p§3s  O.544 1.161 Int. Crit. Tab. Tl IL 6s6¢ 0.532 1. 384 
5s 1.047 0.122 7d (0.237 1.173 
6s 1.027 0.0578 87/* 0.118 1.861 
7s 1.017 0.0322 | Zn Ll 4s4/ 0.0283 1.618 Int. Crit. Tab. | 
8s 1.010 0.0211 Sdt 0.0128 1.818 | 
9s 1.000 0.0125 | Yt IL Ss5d 0.0533 1.509 B S. JL. Res. 2, 738 | 
10s 1.003 0.0084 | ——- $$ $$$ 
lis 1.001 0.0061 ; 
Xe I Sp%s 0.999 0.120 B.S. Jl. Res. 3, 756 — nin nite dan eipesieaeaisiah a 
— -~-~-—— ~ - d9s (X <0) 
| Elem. Config. Abs. Ord. Sources 
sd (X >0) | Ag IL 4d%5s 0.862 0.526 Phys. Rev. 31, 317 
Elem. Config. Abs. Ord. Sources 6s 1.022 0.0896 
$$ ________———__ | Aull 5d%s 1.062 0.2569 Phys. Rev. 34, 19 
Ba I 6s5d 0.258 = =0.476 Int. Crit. Tab. | Cd IIT 4d%5s 0.886 0.4916 Phys. Rev. 31, 778 
Cal 453d (0.0237 0.640 Int. Crit. Tab. | Cu IL 3d%s 0.605 0.798 Phys. Rev. 29, 380 
5dt 0.0258 0.607 | 5s 1.018 0.1835 
7dt 0.712 0.750 | 6s 1.018 0.0692 Phys. Rev. 34, 1128 ‘ 
Cr Vs 4s3d 0.1678 0.525 Phys. Rev. 33, 542 | 7s 1.010 0.0348 


Lu Il ossd 0.490 0.3603 Bul. Am. Ph. Soc. Apr. | Ga IV 3/%4s 0.708 0.680 Phys. Rev. 31, 750 

10, 1930, 11 Ge Vo 3d%4s) 0.759) )=—0.622—-~ Phys. Rev. 31, 750 
5Pb III 6s5d 0.220) »=—-0.466 Phys. Rev. 34, 397 Hg III 5d%s 1.033 0.2568 Phys. Rev. 34, 19 
Sb IV. 5s5d 0.258 0.628 Phys. Rev. 34, 402 In IV 4d%s 0.913 0.447 Phys. Rev. 31, 778 


0 

0 

0 

0 
6d 0.409 0.398 Tl IV Sd%s 1.042 0.235 Phys. Rev. 34, 19 
Te V Ss5d 0.257 0.616 Phys. Rev. 34, 402 III 3d%4s 0.652 0.748 Phys. Rev. 30, 381 
0 
0 
0 
0 


64 0.562 0.683 Ni ll 3d%s 0.596 0.810 Phys. Rev. 29, 380 
Sc IL 453d 0.0718 0.616 Sci. Papers, Bur. Stand. 5s 1.024 0.1393 ' 
22, 329 | 6s 1.016 0.0519 Phys. Rev. 34, 828 
Ss3d 0.31 483 Pd I 4d%5s 0.890 0.510 Phys. Rev. 29, 386 
Sn HII 5s5d 0.250 .659 Int. Crit. Tab. } 6s 1.018 0.065 
6d 0.129 .610 Phys. Rev. 34, 402 | Pt I 5d%s 0.796 0.0829 Phys. Rev. 34, 19 i 
Sr I Ss4d 0.083 600 Int. Crit. Tab. | 7s 1.001 0.0374 Phys. Rev. 34, 190 } 
| 
7n 


Ti UI 4s3¢ 0.1031 0.592 Astro. JI. 66, 13 ee eee 

V_ IV 4s3d (0.1335 0.558 Phys. Rev. 33, 542 

Yt Il Ss4d 0.272 0.506 B.S. Jl. Res. 2, 738 
6s4d 0.996 0.124 


sf (X >0) 
2 (not plotted) 
Elem. Config. Abs. Ord. Sources 














a a=. 


sd (X <0) Al IL 3s4ft 0.0978 0.750 Int. Crit. Tab. 





| 
acme | 6f 0.0573 0.777 
| 


























Elem. Config. Abs. Ord. Sources Sf 0.0506 0.783 
Ba I 6s6d 0.0485 1.228 Int. Crit. Tab. 7f =: 0.0389 0.761 
id 0.0456 0.438 &f 0.0118 0.657 
8d 0.0284 1.190 97+ 0.0049 0.750 5 
9d = =0.0746 1.595 | 10/t 0.0030 0.786 
10¢d¢ 0.0324 4.61 lft 0.0016 0.667 
Ca I 4s4d 0.0207 1.474 Int. Crit. Tab. 12/t 0.0019 0.800 j 
6dt 0.0544 1.200 | 6Ge IIL 4s4/ 1.384 0.275 Phys. Rev. 34, 097 
Cd iI 5s5d 0.1074 1.555 Int. Crit. Tab. | Sn Il 5s4f 0.0556 0.378 Int. Crit. Tab. 
6d 0.0621 1.414 | Sf 0.0312 0.357 Phys. Rev. 30, 574 
7d = 0.0553 1.388 Sr I 5Ss4ft 0.0056 0.630 Int. Crit. Tab 
8it 0.0454 6.000 5ff 0.0113 0.889 
Ga ll 4s4d 0.0096 1.360 Phys. Rev. 34, 714 oft 0.17605 0.049 
5s4d = 0.0029 1.416 7/t 0.314 0.165 ; 
6s4d 0.0022 1.125 _— —_—— — — 
Ge III 4s4d 0.0099 1.505 Phys. Rev. 34, 697 ’ 
Hg I 6s6d* 1.510 0.585 Int. Crit. Tab. os —_——-— 
7d 1.018 0.923 sf (X <0) 
8d 0.808 1.051 (not plotted) 
9d 0.717 1.438 Elem. Config. Abs. Ord. Sources 
10d 0.653 0.556 onan seranidiandtiiae 
5Pb III 6s5d* 0.250 2.145 Phys. Rev.34, 397 Ba I 6s4f 0.0046 1.014 Int. Crit. Tab. 
SrI 5s5d 0.183 1.520 Int. Crit. Tab 5f 0.0847 4.34 
7d 0.273 1.195 6f 0.0092 1.594 
8d 0.163 1.250 
9d (0.298 1.27 
5S. Smith, Phys. Rev. 34, 397 (1929) has a question as to which of two singlets belong to this configuration. These are 
both listed, one for X >0, plotted with a question mark and one for X <0, which tell off the graph. 
6 The singlet is within the triplet. 
A fairly complete search of the literature was made and the points plotted 
on Figs. 2 and 3. The coordinates are tabulated in the accompanying tables 
together with a brief reference to the source of the data. No points were 


plotted for which any of the intervals were less than 2.5 cm™, since the ac- 
curacy of these points did not seem to be sufficient for a fair comparison with 
the theory. Such points are listed in the table with a dagger (+). Those points 
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whose coordinates fell off the graph are listed with an asterisk (*). No sf 
points were plotted because there were just a few clustered near Russell- 
Saunders coupling. 

It is found that the theory works well for p*s and d°s configurations, in 
which we are one p or d electron short of a closed shell, except that the whole 
system of lines is inverted. These points all fall on the upper curves. 

Pb IIT? and TI IT have sf configurations in which *F; and 'F; are on oppo- 
site sides and outside of the *F,—*F, interval. A similar thing happens in 
the case of the 3p° 8s configuration of A I*. These partially inverted triplets 
might have been plotted with negative ordinates on our graphs. 

As to the accuracy with which the points fit the theory, it can be said 
that in general the d*s and p’s fit best, sp and sd for X >0 next, and sp and 
sd for X <0 poorest. Also in general, elements of high atomic number show 
especially pronounced disagreements. The disagreements are to be regarded 
provisionally as cases in which the second-order perturbations are not negli- 
gible rather than as essential defects in the basic theory. 


2S. Smith, Phys. Rev. 34, 397 (1929). 
3S. Smith, Phys. Rev. 35, 236 (1930). 
4 A. Meissner, Zeits. f. Physik 40, 839 (1927). 
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INTENSITIES OF VIBRATION-ROTATION BANDS WITH 
SPECIAL REFERENCE TO THOSE OF HC i 


By J. L. Dunnam! 
RYERSON PHysiICAL LABORATORY, UNIVERSITY OF CHICAGO 


(Received April 19, 1930) 
ABSTRACT 


Intensity formula for vibration bands. The intensities of vibration bands depend 
on certain matrix elements of the electric moment of the molecule. The electric 
moment of a diatomic molecule is a function of the nuclear separation and must be 
expanded in a power series about the equilibrium point. Matrix elements are cal- 
culated by perturbation methods for the fundamental and first two harmonic bands 
of the vibration spectrum, and it is found that, toa first approximation, for the n** har- 
monic it is necessary to consider the (~+1)'* power in the series expansion of the 
electric moment, and higher powers for better approximations. The formulas for 
the fundamental and first harmonic are given to a second approximation. The matrix 
elements are alsocalculated from wave functions due to Morse for a diatomic molecule, 
and it is shown that there is a negligible difference between the two methods of 
calculation for small quantum numbers. Formulas are also given for the ratio of the 
intensity of the first two harmonic bands to that of the fundamental. 

Application to HCl. The formulas derived in the first part are applied to the 
case of HCI which is the only molecule for which the intensities of the vibration bands 
have been measured with any precision. New data from wave-length measurements 
of Meyer and Levin are used and the value of the coefficient of the quadratic term in 
the power series expansion of the electric moment is found. It is found that two 
values of this coefficient would give the same intensities and no satisfactory way 
of resolving the ambiguity is available. Numerically it is found that if the electric 
moment p=p.+p.'E+p.'’#, 2, then p.’’ =0.070 X 107" or 4.56 X 107" e.s.u. 


INTRODUCTION 


HAVE recently shown? that the ratio of the measured intensities of the 

fundamental and harmonic bands of HCI in the near infrared can be pre- 
dicted quantitatively assuming Morse’s® vibrational wave function analysis 
and also that the electric moment of the molecule is a linear function of the 
nuclear separation. Morse’s potential function is not as general as a simple 
power series expansion of the potential function about the equilibrium point 
and so there has been some question as to what effect the difference between 
these forms for the potential function would have on the predicted intensities. 
It is the purpose of the present paper to compare the intensity formulas ob- 
tained from both potential functions and also to consider the effect on the 
intensities of higher terms in the power series expansion of the electric mo- 
ment. Briefly stated the results are that the intensity formulas derived by 
the two methods give numerical results which differ by less than the experi- 

1 National Research Fellow. 

2 J. L. Dunham, Phys. Rev. 34, 438 (1929). 

3’ P.M. Morse, Phys. Rev. 34, 57 (1929). 
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mental error of the measurements, and that the inclusion of higher terms in 
the electric moment is, in general, necessary. The numerical agreement ob- 
tained previously does not have a unique interpretation. Either it is an indi- 
cation that for HCI the coefficient of the quadratic term is very small indeed, 
or it is due toa cancellation of terms. The first part of the paper will deal with 
the derivation of the intensity formulas based on the two potential functions 
and with a comparison of these formulas; the second part will consider their 
application to the numerical results for HCI. 


Part I 


The ratio of the intensities of two corresponding lines in different bands 
has been shown to be* 
O&rm Vanm P's m . 
Qik Vik P jx 


where a,,,, is the intensity of the line n—>m and »v,, is its frequency. Pym is 
the matrix component of the electric moment associated with the line n—m 
and will hereafter be called the intensity integral. It is calculated from the 
expression 





Pim = Sp) R() Rnlrdr (2) 


where p(7) is the electric moment of the molecule and is a function of 7, the 
nuclear separation, and R(r) is the radial part of the wave function. If we 
expand p(r) in a power series about the equilibrium point (r=r,) and change 
to the dimensionless variable £=(r—r,.)/r., we have 


eee 


P(E) = Pe + ped + = (3) 


where Pp.’ = (dp/dé):~0 etc., and, correspondingly 


pe” , p”" 
| = Pe'Enm + > eam + ee" + ii (4) 


where finn = JE'R,Rnr dé, is the (n m)™ component? of the matrix £‘. 
The expansion of the potential function about the equilibrium point can 
be written as 
hw 
26° 
where w, is the frequency of a classical oscillation for very small amplitudes, 


@=h/4r*w.I.K1, I, is the moment of inertia of the molecule, and a), a, and a; 
are arbitrary constants which can be determined from the frequencies of the 


U= (€* + ag? + art + ast? +--+) (5) 





‘ This formula was given in reference 2, p. 448. The material for its derivation is given 
very concisely by E. C. Kemble, Phys. Rev. 25, 1 (1925); where the only change to be made by 
the new quantum mechanics is that on p. 6. J? is to be replaced by Pn». 

5 This expansion of P,,, is not to be confused with the expansion of charge distribution into 
dipoles and multipoles. This entire analysis concerns only the dipole radiation. 
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lines.*-? The first term gives the potential of a simple harmonic oscillator, for 
which the wave functions are known, but the wave functions of the more 
general case must be calculated by perturbation methods. Fues? has calcu- 
lated the energy levels by this method and has given a formula for evaluating 
all of the integrals required in the perturbation calculation so that the details 
of the analysis will not be reproduced here. Suffice it to say that the per- 
turbed wave functions are calculated by straight forward application of per- 
turbation methods and from them the intensity integrals are obtained by Eq. 
(4). 

The intensity integrals for the fundamental and the first two harmonic 
bands are found to be 

















p.0 | (— 3 ~~) 
Po = —] 14+ @l—a?? -— —ae — 6 
‘(aye 6° 4 4 (6) 
p pe? T o 243 , 111 5 
oe = 2(2)12 (a, +p )+ (Sa a > + Sa; 
e an? (7) 
a 3 - 15 3aip 
tte fa- =) 
p/0(3)"273a2+ 4a. pl” 
Po3 = +en +— (8) 
4 8 3 


where p’’=p."’, p.’ and p’’’=p,'"", p.’. The formulas for Po, and Po have been 
carried out to a second approximation, and the formula for Pos has been given 
to show how higher derivatives of p enter into the intensity integrals for 
higher harmonics. There are no reliable intensity measurements for any sec- 
ond harmonic bands so far as I am aware, and consequently P,; has been 
given only to a first approximation. 

Mensing and Dennison® have obtained by perturbation methods similar 
to those used here a formula for the intensity ratio of the harmonic to the 
fundamental band based on the first terms of Eqs. (6) and (7) but omitting 
the term in p’’, and Fues® has given formulas for the intensity integrals to a 
first approximation, using Kratzer’s potential function, which are closely 
related to the first terms in Eqs. (6), (7) and (8), but omitting p’’ and p’”’. 
However, the fact that p”’ enters into the first term of P» in Eq. (7), and that 
both p’”’ and p”’ enter into P.3, shows that in general these terms cannot be 
neglected even toa first approximation. Generalizing from the above equa- 
tions it seems that for the band (0-7) it is necessary to consider at least the 
first m terms in Eq. (4).!° 


® E. C. Kemble, Journ. Opt. Soc. Am. 12, 1 (1926). 

7 E. Fues, Ann. d. Physik. 80, 367 (1926). 

§ Note by D. M. Dennison at the end of a paper by Meyer and Levin, Phys. Rev. 34, 
44 (1929). L. Mensing, Zeits. f. Physik 36, 814 (1926). 

° E. Fues, Ann. d. Physik 81, 281 (1926). 

1© The reason for this can be seen quite simply by considering the case of Po: in the fol- 
lowing fashion. The wave functions are those of an harmonic oscillator made slightly asym- 
metrical by the anharmonicity of the potential function. The integrand of £2 is composed of 
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It turns out that because the expressions for P,,m are even or odd in 86, 
it is necessary to carry the perturbation process two steps farther for each 
new term in @ added to P,.», a behavior very like that found by Fues for the 
energy levels. 

The frequency ratios which are necessary to calculate the intensity ratios 
(see Eq. (1)) are given by rev, 22(1—x) and 3/723 and the formula for 
x (which is the coefficient of the quadratic term in the vibrational energy level 
formula) as given by Fues? or Kemble’ is x = 3h |5a,°/4—a2]/167°w.J, so that 
the intensity ratios are given by 





aoe 6° cena 103 51 
— = —|(aq,+ p’P+e6 ~ ayi- d\"do + 10a a3 

















ao} 2 « 2 
, (33 23 3a 
+p ay> — 27a,a. + 10a3 ) + p’” a," — — (9) 
4 8 2 
5 "3 
odip ? > vr ? arse 
. — Ja;°p — Jdip p 
QAo3 9 3a)" os ta, = p”" : 
— =—6 ——— + ay” + — |- (10) 
aol S 8 3 


The derivation of the formulas for Py, Poo and Po; using che wave func- 
tions derived by Morse’ is similar to the calculation of Po: given in reference 
2, with the exception that the terms in p’’ and p’’’ require evaluation of inte- 
grals of the type | e~**x*~'"\(log x)"dx. This offers no difficulty as they can 
be obtained by ( —1)-fold differentiation with respect to 7 of the formula for 
the integral with »=1. Since we are using only small quantum numbers and 
since k=1/x>>1 it is possible to expand the logarithms and radicals appearing 
in the expressions for P,,,.''! in terms of 1/k=x. This simplifies these expres- 
sions considerably. 











e(x)!/? 1 5p” 
Pou = 1 + (5 — —) | (11) 
ar, 2 2ar, 
og p”’ 3 ? ? 3 ver 
Rie les (1 - =.) + v( +—- =—)| (12) 
ar .(2)!/? ar, 2 are ar,” 
p. x8 2 2 1/2 3p” 
Py = ——| — i- — +] . (13) 
ar, 3 2ar, 2a°r,” 





the product of two wave functions both of which are nearly even functions, and of — which is 
an odd function, so that the integrand as a whole is nearly odd. Consequently in the integral 
there is nearly complete cancellation, it being saved from vanishing only by the slight asym- 
metry of the wave functions. Now £ is a first order small quantity to begin with, because for 
low quantum numbers the wave functions are appreciable only for a small range of about 
£=0, so £92 is a second order small quantity. On the other hand the integrand of £2? is nearly 
even, all three factors being nearly even, so that there is no cancellation, but, since £ is a sec- 
ond order small quantity, the value of £2? is of the second order too, and therefore of the 
same order of magnitude as £2. 

" Unfortunately in reference 2, Eq. (13) was incorrectly printed. The factor A.A 2k*- 
should be replaced by [(k —2)(k—5) /2a?]"2, 
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From these the intensity ratios can be calculated at once. 
QV 2 113 wr woe 
aoe p 4p Sp 6p 6p''p 
{(1 _ =) + (1 + - > comes ip (14) 
Qo} ar. a*r,” a*r 3 a°*r,” a®r 3 


iin 3p” p'” 
— = 2x*/1—- + , (15) 


Qo1 2ar,. 2a*r .? 











We are now in a position to compare the intensity ratio formulas given 
by the perturbation method with those given by Morse. This is best done 
by expanding Morse’s potential function in powers of — about §=0 giving 


U = Da*r,? (« — ari? + —a%y 24 a <r) (16) 
12 4 
There are only two assignable constants in this expression, D and a, whereas 
in Eq. (5) all the terms have arbitrary coefficients. That is to say there are 
certain relations connecting the coefficients of all the higher terms in Morse’s 
potential with that of the first term. Now if we impose these relations on the 
coefficients a;, a, and a3; in Eqs. (9) and (10), we find that we get exactly Eqs. 
(14) and (15), so that any numerical differences in the values of intensities 
calculated by these two methods would be entirely due to slight differences 
between the potential functions assumed and not to any difference in the 
mathematical analysis. It has been pointed out by Fues’:’ that since 
the harmonic oscillator has no continuous spectrum and since the 
perturbing terms in theenergy go to infinity for large values of &, intensity 
calculations based on this perturbation procedure are not to be relied upon. 
The identity of the two analyses shown here, however, proves that for low 
quantum numbers and to the approximations used, the absence of a contin- 
uous spectrum in the perturbation analysis has no effect upon the intensities. 
A word should be said about the relative accuracy of the two methods. 
Although for accurate calculations the perturbation method is more precise 
than Morse’s, because the potential function assumed can be fitted to any 
given molecule more accurately, nevertheless, for first approximations Morse’s 
formulas are to be preferred. The reason is that the first term in Eq. (9) takes 
into account only the first perturbing term in the potential function, whereas 
the first term in Eq. (14) contains contributions from higher terms in the 
potential function as well. In other words Morse’s intensity formula conver- 
ges the more rapidly of the two, so that its first term is a better approximation 
than that of the perturbation formula."? For HCl, the numerical difference 
between the two second approximations is considerably less than the experi- 
mental error of the observed intensities. For gases like CO and NO where x 
is materially smaller than for HCl, the difference is very small even for the 
first order terms. 


2 Of course perturbation methods could be applied to Morse’s wave functions to obtain a 
more accurate intensity formula, but there is no need of this here in view of the relatively 
large experimental error. 
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Part II 


We are now ready to turn to a consideration of the numerical values for 
HCl. Unfortunately there are no accurate data on the intensities of vibration- 
rotation bands for any other diatomic molecule, as data from imperfectly 
resolved bands observed with only one tube length or only one pressure are 
not in the least reliable for intensity measurements. 

I have measured the intensity of several lines in the harmonic band of 
HCF and shown that the observed ratio of the intensity of that band to the 
intensity of the fundamental band as observed by Bourgin"™ is 0.0161. The 
probable error of this ratio depends on the probable error of the measured 
intensities of both bands. The probable error of the harmonic is given (re- 
ference 2, p. 445) as 6 percent and Bourgin gives 25 percent as the “precision 
limits” of his measurements. Interpreting “precision limits” as a figure which 
the true error is unlikely to exceed, or that there is, say, but one chance in 
ten of the true error being greater than 25 percent, the probable error for the 
fundamental turns out to be 10 percent.'* The probable error of the ratio is 
given by the square-root of the sum of the squares of the separate errors," 
which is 12 percent. Thus we have for the observed value of the intensity 
ratio 


“= 0.0161 + 0.0019. (17) 
Qo 

Dennison,’ on the basis of observations of Meyer and Levin, has estimated 
the ratio of these intensities as 0.021 +0.004, which agrees, within the limits 
of error, with the value just given. Dennison’s estimate, however, is based 
on the measurements of one or at most two tube-lengths and so cannot be 
considered to be as accurate as the value given in Eq. (17). 

To compare this value with the theoretical expressions for intensity it is 
necessary to substitute in Eqs. (9) or (14) the values of the measurable con- 
stants of HCl. Meyer and Levin’ have recently published the results of new 
measurements of the wave-lengths of the HCI bands under higher dispersion 
than had previously been obtained and Colby" has derived the values of the 
various molecular constants from their data. These values differ appreciably 
from the constants used in reference 2. They are:’ 


I,=2.613 X10-** gm cm? a= 1.710 

w, = 2988.7 cm™! a, = —2.34 
x =0.01725 ad,= 3.62 
r-=1.276XK10°* cm a3 = — 2.60 


6 = 0.00709 


18 |). C. Bourgin, Phys. Rev. 29, 794 (1927). 

4 R. T. Birge, Phys. Rev. Supp. 1, 1 (1929), esp. p. 4. 

' W. F. Colby, Phys. Rev. 34, 53 (1929). 

16 The values given are obtained by averaging the results for the two isotope components 
which is sufficiently accurate for our purposes. The value of ag has been obtained by using 
the value of a*r,°/4 (i.e. the value of a3 according to Morse’s analysis, cf. Eq. (16)). a3 is a small 
term occurring only in a second order correction so that a more precise evaluation is not nec- 
essary. 
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Substituting these values in Eqs. (9) and (14) we have: 


Ao2 
— = (0.0194 — 0.0166p” + 0.00355p’”2 
“01 (Pert) (18) 


(— 0.0015 + 0.0008p” + 0.00026p’* — 
0.000147’? — 0.000414)’ + 0.000177p'"p’’.) 


—* = (0.0173 — 0.0159” + 0.00364p’”2) | 
ao ( Morse) (19) 


(+ 0.0003 + + 0.00025p’2 — 
0.000143»? — 0.000376p’” + 0.000173p’’p”) 


In Eqs. (18) and (19) the two terms in @ appearing in Eqs. (9) and (14) have 
been kept separate to show that the formula from Morse’s analysis converges 
more rapidly than the other so that its first term may be considered a better 
approximation than that of Eq. (9). If the two terms are combined, it is 
easy to see that the difference between the two second approximations cannot 
be greater than 2 percent, as none of the major terms differ by more than that 
amount. 

In these equations the only unknowns are p”’ and p’’’. Unfortunately we 
cannot evaluate both of these constants from one equation, as the method of 
successive approximations would not yield very significant results for p’’’ in 
view of the relatively large experimental error. Consequently we shall use 
only the first terms and solve only for p’’.. Now, as we have seen, if we are 
going to use only the first term, Eq. (19) is more accurate than Eq. (18) so 
that we shall use the former in calculating p’’, which gives us: 


0.0664 0.13 
~ 4.30 + 0.13 


p (20) 
there being two values because the first term of Eq. (19) is quadratic in p’’. 
Now p’’=p.’’/p.’ and, for a known value of p.’ determines p,’’.. Using the 
value of p.’ found by Bourgin™ (p,.’=1.06 107! e.s.u.) we have for p,”’ 


, 9.070 X 10°18 \ 


a -e@.s.u. 21) 
P 4.56 X10" ff an 


p."’ is the coefficient of the quadratic term in the expansion of p(£) about 
£=0 and consequently is a measure of the “curvature” of the electric moment 
at that point. 

The fact that one of the values of p.”’ is zero (within experimental error) 
shows why in my previous paper on this subject’ a calculation of the intensity 
ratio assuming a linear electric moment gave results in good agreement with 
the observed value. This correspondence, however, cannot be used to show 
that p,”’ is negligible because we have just seen that a value of p.”’ which is a 
good sized positive quantity (a negative quantity if p.’ is negative) also gives 
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the correct value for the intensity ratio, and there is no way, using only inten- 
sity data, to distinguish between these two values of p.”’. 

A similar ambiguity arises in the case of p.’ where, because of the quad- 
ratic dependence of the intensity on the electric moment, it is not possible to 
determine the sign of p,.’ from intensity measurements alone. This ambiguity 
in the sign of p.’ leads toa sort of double ambiguity in p,.’’ because a change 
of sign of p.’ changes the sign of p.’’ as determined from Eq. (20). This, of 
course, does not affect that value of p.’’ which is practically zero, but the 
other greater value may apparently have either sign depending on that of p,’. 

It has always been assumed that the electric moment of HCI is linear and 
that p.’ is positive in the region about the equilibrium point. These were 
natural assumptions when HCI was supposed to dissociate into ions, but in 
recent years, it has been shown that HCI probably dissociates adiabatically 
into neutral atoms,’ which means that at least for large values of r, the elec- 
tric moment decreases with increasing nuclear separation. This surely means 
that the curvature of the electric moment is appreciable somewhere, and 
there is no reason why it should be negligible at the equilibrium point, so 
that we cannot rule out the larger value of p.’’ until there is more detailed 
information on the form of p as a function of r. As far as the sign of p,’ is 
concerned, it is probably positive. The position of the hydrogen nucleus when 
at equilibrium, is generally considered to be inside the .\/ shell of the chlorine 
atom and so we may assume that its distorting influence on the chlorine 
atom, and consequently the electric moment of the molecule, is not at its 
greatest, and hence p is still increasing with r.'’ This is a very rough sort of 
reasoning but owing to our complete ignorance about the detailed processes 
responsible for setting up electric moments in molecules with atomic binding, 
it is the only sort of reasoning that we can apply to the data at present. 


17 VY, Kondratijew, Zeits. f. Physik 48, 583 (1928); R. Samuel, Zeits. f. Physik 49, 95 (1928); 
F. London, Zeits. f. Physik 46, 455 (1928) esp. p. 472 et seq.; Franck und Kuhn, Zeits. f. Physik 
43, 164 (1927) esp. p. 169. 

18 Assuming that the electric moment at r, is near its maximum and has a positive slope, 
the most probable value of p.’’ is the small one (nearly zero) because the other implies a large 
positive curvature which is impossible in the neighborhood of a maximum. However the as- 
sump ion that r, is near the maximum is too questionable to warrant definite predictions and 
the whole matter may be complicated by subsidiary maxima in the electric moment for values 
of r less than frnaz. 





oe 


>> 


a NR 


7 

















JUNE 1, 1930 PHYSICAL REVIEW VOLUME 35 


THE RAMAN EFFECT IN HCt GAS 


By R. W. Woop anpb G. H. DiEkKe 
Jouns Hopkins UNIVERsITY, BALTIMORE 
(Received April 23, 1930) 
ABSTRACT 
Improvements in the experimental conditions made it possible to get much better 


pictures of the Raman effect of HCl-gas than before. The results are in perfect agree- 
ment with what is predicted by the dispersion theory. 


HE first report of the Raman effect in the case of a gas at atmospheric 
pressure was published by R. W.Wood in Nature, February 2,1929, where 
it was shown that hydrochloric acid gas contained in a long glass tube 
mounted in contact with a Cooper-Hewitt glass mercury arc, the whole sur- 
rounded by a reflecting cylinder of highly polished sheet aluminum, gave 
a Raman line excited by the Hg 4046 line, the frequency difference corres- 
ponding to an infrared line in the position of the “missing line” of the ab- 
sorption band at 3u. In the following number of Nature, Rasetti announced 
the discovery of the Raman lines of CO and CQ, also at atmospheric pressure. 
The experiments in HCl were more fully described in the Phil. Mag. 
for April 1929 and it was shown that the 4358 Hg line was accompanied by 
a series of close companions, corresponding to rotations of the HCI molecule, 
and it was further shown that the infrared frequencies corresponding to 
these lines were of very nearly the same wave-length as the alternate lines 
observed by Czerny. An interpretation of these results was given by several 
investigators independently.* Rasetti' studied with great success the Raman 
effect of other diatomic gases at atmospheric or higher pressures. 

With the same tube, and with a platinum diaphragm as was employed in 
the earlier experiment, but with a recently constructed spectrograph equipped 
with two interchangeable camera lenses, one a large Steinheil portrait ob- 
jective (F2.5) and the other a Cooke objective of one meter focus, some super- 
ior spectrograms of the Raman effect in HCl have been obtained. 

A better alignment of the tube was secured and greater precautions taken 
to exclude all parasitic light. Six, or possibly seven rotation bands appeared 
on the long wave-length side of Hg 4355 and three (anti-Stokes) on the other 
side. Rotation bands also appeared on both sides of the 4046 line, but the 
“Q branch” line excited by 3650-3655 and 3663 appeared in triplicate mixed 
in with these rotation bands. 


1F. Rasetti, Nature 123, 205, 757 (1929). Proc. Nat. Acad. Sci. 15, 234, 515, (1929), 
Phys. Rev. 34, 367 (1929). 

2G. H. Dieke, Nature 123, (1929). F. Rasetti reference 1. E. L. Hill and E. C. Kemble, 
Proc. Nat. Acad. Sci. 15, 387 (1929), and others. All these papers are simply an interpre- 
tation of the formulas of the dispersion theory developed first by Kramers and Heisenberg in 
1925. 
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An enlargement of the entire spectrum is reproduced in Fig. 1. and a 
highly enlarged portion of the part showing the Q branch excited by 4046 
and the rotation bands to the right and left of the 4358 line in Fig. 2. 


Hg 4915 HCl: Q 4358 4046 
~ " vy 
¢ Gere oR 





ie 
Fig. 1. Enlargement of entire spectrum. 


Q-branch 





Fig. 2. Highly enlarged portion of spectrum, 


INTERPRETATION OF THE RESULTS 


The Raman effect of HCI furnishes an excellent opportunity to compare 
the theoretical predictions with the experimental results, for the HCI mole- 
cule is very simple, and furthermore we know its entire infrared absorption 
spectrum. The situation is therefore much more favorable than for the or- 
ganic molecules, the exact structure of which is generally not known, so 
that it is impossible to say what we ought to expect theoretically. 

The experimental data are given in Table I. 








TABLE I. 
r Ap Transition Av infrared 
-- - 0—2 62.69 
4377.60 101.1 1—3 104.29 
85.6 142.7 2—4 146.03 
94.2 187.5 3-5 187.45 
4402 .4 229.4 4—6 228.87 
10.4 271.0 5-7 270.03 
18.6 312.9 6—8 311.23 
26.5 353.0 7-9 352.23 
4314.7 143.8 4—2 146.03 
23.8 183.3 5-3 187.45 
31.2 232.2 6—4 228.87 
4581.8 


2886 .0 j->j 2885 .4* 





* This line is excited by \4047. The corresponding line excited by \4358 would fall in a 
region where the plate is very insensitive. The infrared datum is the zero line of the absorption 
band at 3.44. The wave-length of the Raman Q-branch has been taken from the previous work 
because the dispersion was then greater. We find now a value about 3 cm™ less, but think it 
less reliable. 





The first column gives the observed wave-lengths of the Raman lines. The 
second column gives the frequency differences with the exciting line \4358. 
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In the third column we find the rotational transitions in the molecule to 
which the lines correspond, and the fourth column gives a comparison with 
the infrared data (see farther down). 

The dispersion theory of Kramers and Heisenberg* published in 1925 
contains, as is well known now, a complete theory of the Raman effect. The 
more rigid radiation theory of Dirac leads essentially to the same formulae. 
The essential feature of this theory is, that the intensity of a Raman line 
which corresponds with a transition of the molecule from the level a to the 
level 6, has no connection at all with the transition probability between these 
two levels, which would determine the intensity of the corresponding absorp- 
tion line. In order to find the intensity of a Raman line we must consider 
virtual transitions with a certain third level c. If this level ¢ can be reached 
in an ordinary transition from both the levels a and 6, the Raman line is 
allowed. The Raman line can therefore be considered as the difference be- 
tween two lines of the molecule, one of which must be an absorption line. 
The theory gives further the exact intensities of the lines expressed in terms 
of the transition probabilities between the different levels of the molecule, 
but we need not go here into details of the theory. 

If we consider now a HCI molecule in its normal electronic and vibrational 
state and with a value j of the rotational quantum number, we have to consi- 
der first the possible absorption transitions in order to find which Raman lines 
we have to expect. In any transition the change of j can be only zero or + 1. 
From the theory of the spectra of diatomic molecules it is well known‘ that 
those states to which the molecule can go if Aj=0 are of a different nature 
from those for which Aj= +1. 

Let us consider the latter ones first. The molecule would be either in 
a state with j+1 or with j—1 after the virtual absorption act. It has to fall 
back in a virtual emission act to the normal electronic level, and the change 
of j can only be +1 in this transition. After the emission of the Raman line 
the molecule can therefore only be in a state with the rotational quantum 
number j or }+2. If we take into account also those virtual absorption acts 
for which 4j=0, (such transitions would occur when the upper electronic 
state is a II-state), nothing will be changed in this result. For in the virtual 
reemission act 7 must remain likewise unchanged, so that in this particular 
kind of Raman transition no change of j can occur. As we have to take the 
sum over all possible third levels c, our result is that in any Raman transition 
j can change only zero or+2. As for any infrared absorption line of HCl 
we must have Aj = +1, we see that not a single Raman line can correspond 
to an absorption line. 

As was shown by Van Vleck’ the possible changes of the vibrational quan- 
tum number are zero or +1 only, even if intermediate levels ¢ with high 


3H. A. Kramers and W. Heisenberg Zeits. f. Physik 31, 681 (1925), 

*E. Hulthén, Zeits. f. Physik 46, 349 (1927). R. de L. Kronig Zeits. f. Physik 46, 814 
(1928). 

5 J. H. Van Vleck, Proc. Nat. Acad. Sci. 15, 754 (1930). 
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values of the vibrational quantum number are taken into account. A higher 
electronic level of the HCl molecule than the normal one is as yet unknown. 
From the behavior of similar molecules we have reason to expect that an 
absorption act will result in such a case into dissociation. There seems to be 
no reason why these dissociated states cannot act in just the same way as 
the discrete levels as intermediate states in the Raman effect. The considera- 
tions which determine the selection rule for j hold just as well for this kind 
of transition. It may be expected that the probability for the ultraviolet 
absorption is much greater than that for the infrared absorption so that the 
transitions via the dissociated states play the most important part in the 
Raman effect of HCl. But other factors ought also to be considered, so that 
this point cannot be settled yet with the present material. 

If the vibrational quantum number does not change, we can notice only 
a change +2 of the rotational quantum number for Aj =0 gives the unmodi- 
tied line. If j ¢ucreases two units we have what is called the normal Raman 
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Fig. 3. Diagram showing the connection between the Raman and the infrared rota- 
tional spectrum of HCI. 


effect,®i.e., lines on the red side of the directly scattered line and as the table 
shows, the transitions up to 7-9 have been observed except the first one 
which would come too close to the strong unmodified line so that it cannot be 
detected. We can obtain the same rotational differences also from the infra- 
red data of the vibrational rotational bands n/. as differences R(j—1)— 
P(j+1) of lines of the R- and P-branch, and these differences are given 
in the fourth column of the table.?’ The agreement is as good as it can be 
expected from measurements of such faint lines. 

In the former communication and in the beginning of this paper it was 
mentioned that these lines correspond with alternate lines of the rotational 
absorption band in the far infrared observed by Czerny.’ But this corres- 
pondence is only accidental as can be seen immediately from Fig. 3 in which 


6 A sequence for which in the Raman effect j-+j+2 is called an O-branch. It would be 
similar to an ordinary P-branch with double spacing. Similarly a sequence of lines for which 
j->j—2 is called an S-branch. 

7 Taken from C. F. Meyer and A. A. Levin, Phys. Rev. 34, 44 (1929), 

§ M. Czerny Zeits. f. Physik 34, 227 (1925); 44, 235 (1927). 
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both the Raman and the far infrared absorption spectrum of Czerny are 
plotted and the corresponding transitions indicated. The fact that the 
Raman lines coincide with alternate infrared lines is only due to the fact 
that the rotational energy can be represented with good approximation by 
Bj(i+1), from which follows that the Raman lines due to the transitions 


j+1—j—1 coincide with the absorption lines 27+1-—2j. This agreement is 


not exact as one would find deviations if one takes into account also the 
higher terms in the rotational energy. These deviations are however too 
small to be noticeable with the accuracy of the present observations. 

The conditions for the observation of the Raman lines corresponding 
to transitions j—>j — 2 (anti-Stokes lines, S-branch) were much less favorable, 
as the first lines are covered by the companions of \4358. However, the three 
lines given in the table can clearly be recognized. Obviously the distance of a 
line j->j—2 from the unmodified line must be the same as that for the line 


j—2-j. The intensity of the j7—j—2 transition seems to be less than that of 


the j—j+2 transition. This asymmetry can also be accounted for theoretic- 
ally. For a S—>> transition the probability for a transition 7+1—j is equal to 
that for j—j+1 and proportional to 7+1/2. For a Raman transition the 
intensity is determined by expressions in which the product of the probabili- 
ties for the virtual absorption and emission act occur. Therefore for a transi- 
tion jj —2 the intensity would be proportional to (j—1/2)(j—3/2) whereas 
for the transition j—j+2 the intensity would be proportional to (j+1/2) 
(7+3/2). That means that a line of the O-branch must be stronger than the 
line of the R-branch which has the same initial state, and that is in agreement 
with the observed intensities. 

If the vibrational quantum number increases one unit, we have to expect 
transitions j—j+2 (O-branch) j—j —2 (P-branch) and j—j (Q-branch). The 
O and P branches were too weak to be noticeable on the plates, which indi- 
cates that a Raman transition in which the vibrational quantum number 
increases one unit is much less probable than the transition in which it re- 
mains unchanged in accordance with Van Vleck’s calculations. All the lines of 
the Q-branch fall so close together that they cannot be separated and are 
seen as one somewhat diffuse line. As the moment of inertia is larger in the 
final state of the Raman transition (on account of the stronger vibration) the 
Q-branch ought to be degraded towards the exciting line, i.e. towards the 
violet. It can clearly be seen on the plate that this is actually the case. 
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ABSTRACT 


The photoelectric and thermionic properties of platinum sputtered glass filaments 
are discussed, special attention being given to the effect of temperature, and to 
electrolysis of potassium through the glass to or from the sputtered coating. When 
electrolysis is away from the surface, the photoelectric threshold is independent of 
the temperature up to 450° and is close to 2720A. With electrolysis toward the surface 
the threshold remains at 2720A up to 260°C above which it shifts toward the red 
with ri: ing temperature, reaching a maximum value of about 4300A at 410°C. Elec- 
trolysis produces identical effects on the photoelectric and thermionic emissivity for 
electrons; the effect on positive ion emission is similar, also, except that a peculiar 
maximum in the emissivity occurs for a specific electrolysis potential. Ultraviolet 
radiation has no effect on the thermionic emission of electrons or positive ions from 
this type of filament. 


N A recent article from this Laboratory by F. G. Cottrell, C. H. Kunsman 

and R. A. Nelson' a new method was presented for the production and 
control of positive ions. The present paper is a continuation of this study, 
and deals with the photoelectric and low temperature thermionic phases of 
the problem. 


APPARATUS 


The type of emitter chosen for this research consisted of a platinum fila- 
ment over which a thin layer of potassium glass* was fused, the diameter 
being about 1.5 mm. A reserve supply of potassium was provided by immers- 
ing the filament in molten potassium nitrate and electrolyzing potassium 
through the glass onto the filament; the potassium formed a golden brown 
layer over the filament surface. The emitting surface was a thin layer of 
platinum deposited on the glass by cathode sputtering; short distances at 
the ends were kept free to insulate the platinum coating from the filament. 
Electrical contact to the platinum coating was made by twisting a fine plati- 
num wire tightly around the filament. With this type of filament, potassium 
could be electrolyzed to or from the platinum coating as desired by placing a 
suitable potential (Vz) between the coating and the filament. 

A schematic drawing of the apparatus is shown in Fig. 1. The temperature 
of the filament was given by a thermocouple twisted about the coating. The 
emission currents were read with a Compton electrometer shunted with a 


* A donation of the Corning Glass Works. 
1 Cottrell, Kunsman and Nelson, J. O. S. A. 20, 152 (1930), and in press. 
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high resistance leak and potentiometer, which enabled currents to be read 
from 10-" to 107° amps. The collecting electrode was made of copper, 
while the filament supports were made of nickel or tungsten. Ultraviolet 
light was admitted through a 1 inch quartz window with a graded glass seal. 

A Hilger monochromatic illuminator was used to resolve the light of a 
hot mercury arc of the Uviarc type operating at 75 volts and 1.85 amps. 
The intensities of the various lines were measured with a Hilger thermopile, 
using the same slit width as that used in the photoelectric measurements, 
namely 0.5 mm. 
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Fig. 1. Diagram of apparatus. 


The nature of the filament did not permit of a systematic outgassing pro- 
cess. The pressure in all cases, however, was below the sticking point of 
mercury in the McLeod gauge (10-* mm of Hg). 


RESULTS 


Photoelectric emissivity. In determining the photoelectric threshold the 
current per unit of light intensity method was used. Corning glass filters and 
direct radiation from the arc were used also where greater intensity was 
needed. 

The factors investigated in this research were (1) the effect of the elec- 
trolysis potential between the coating and the filament on the threshold, 
and on the emissivity; (2) the effect of temperature on the threshold, and 
on the rate of electrolysis; (3) the effect of electrolysis on the characteristics 
of the wave-length—current intensity curve, and (4) the effect of ultraviolet 
light on the thermionic emissivity of both electrons and positive ions. 

The effect of an electrolysis potential (Vg) on the photoelectric activity 
‘is shown by line A of Figure 2. 

It will be noted that the emissivity for \ 2653 is changed by an order of 
30 fold, when V¢ is changed from 1.5 v. negative to 3.0 v. positive. These 





1362 A. KEITH BREWER 


voltages, however, are not corrected for the fall of potential along the filament 
which for this temperature was about 3.0 v., the filament drop being negative 
to the coating. The zero, therefore, should be moved 1.5 v. to the right in 
Fig. 2, to give the correct electrolysis potential. 
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Fig. 2. A. Photoelectric emission, 42653, temp. 337°C; B. Thermionic emission of electrons, 


temp. 632°C; C. Thermionic emission of positive ions, temp. 422°C. 


In these experiments a constant difference of potential of 45 volts was 
maintained between the coating and the collector. Saturation was obtained 
at slightly less than 2 volts and showed no change up to 135 volts. 

The effect of temperature on the rate of electrolysis is shown in Figure 3. 
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Fig. 3. Effect of temperature on the rate of electrolysis. 


It will be noted that at 295°C one hour is required for a steady state to 
be reached when the electrolysis potential is changed from 9 v. positive to 
9 v. negative, or vice versa. At 415°C steady conditions are reached in about 
4 minutes, while at higher temperatures the change is too rapid to be meas- 
ured. At 260° no effect could be observed from changing the electrolysis 
potential, as is illustrated by line C of Figure 4. 
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A lag exists between the time when Vz is made positive and when an in- 
crease in photoelectric activity is observable, the duration of the lag decreas- 
ing with rising temperature. On the other hand, the emissivity falls off 
rapidly the instant a negative electrolyzing potential is applied. 

The effects of temperature and electrolysis potential on the threshold and 
on the specific activity for various wave-lengths are illustrated in Fig. 4. 

Line C, as has just been stated, represents the current per unit intensity 
at 260°C for Ve =+9v. and Ve=—9v. This is the lowest temperature at 
which an electrolysis effect could be observed. These results were obtained 
with a fresh filament. After the filament had been worked in at temperatures 
up to 400°C the threshold shifted to a position represented by line D. 

The long wave-length limit for a worked-in filament with Vg=-—9 
volts was very close to 2720 A, as is shown by line D. After the filament was 
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Fig. 4. Effects of temperature and electrolysis potential on the threshold and on the specific 
activity for various wave-lengths. 


once worked in, the temperature coefficient became zero for all temperatures 
up to 425°C. At temperatures above 425°C the threshold shifted downward 
as is shown by line £, the shift increasing with the temperature. 

The electrolysis of potassium to the surface (Vx positive) at temperatures 
above 260°C results in an enhanced photoelectric activity increasing with 
Ve as is shown by line A of Fig. 2, and with temperature, as is shown by com- 
paring lines A and B of Fig. 3. The increase in emissivity is accompanied by 
a nearly corresponding shift in the threshold toward the red. 

The conditions for maximum threshold are shown by line A of Fig. 4, 
in which case it was just possible to detect a photoelectric current with 
\4350A. As the temperature was raised above 260°C, the threshold moved 
from about 3130A to 4350A, at 425°C. The exact value depended on the 
previous treatment of the filament, being higher when the filament had been 
cooled down with a strong positive electrolyzing potential applied. At 
temperatures above 425°C the threshold again shifted toward shorter 
wave-lengths, and the shape of the line became more regular as is shown by 
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line B of Fig. 4. At visibility the threshold shifted to about 3050A. The shift 
in the neighborhood of redness is due to the combined effect of temperature 
and fatigue, for the total emissivity cannot be restored by lowering the tem- 
perature. 

The specific photoelectric activity is apparently abnormally high in the 
region around 2700A and 2400A as is shown by the breaks in curves A and B. 
These irregularities are more pronounced for fresh filaments and when elec- 
trolysis to the surface has just been increased by raising the temperature or 
by increasing the electrolysis potential. 

The long wave-length limits, as determined above, were checked with 
Corning filters using the direct radiaiion from the arc. At 280° the photo- 
electric current was about 107' amp. when the light direct from the are was 
passed through 12 mm of Pyrex, which should cut out A3022A, and fell to 
1.110-" amps. for a 3.5 mm Noviol O filter, and to about 10~' for 7 mm, 
which should exclude most of \3650A; the threshold is, therefore, very close 
to 3600A. When the temperature was raised to 310°, the photoelectric cur- 
rent increased 4-fold. 

The effect of fatigue is especially noticeable at high temperatures; the 
total activity can be reduced to a third of its initial value by holding the 
filament at redness for a period of minutes. The activities can usually be 
restored by reversing the sign of Vg and electrolyzing potassium ions away 
from the coating. Filaments have also been restored by washing in water 
and alcohol, and then lightly annealing with a small blue flame. 

The thermionic emission of electrons. The thermionic emission of electrons 
from a fresh surface was detectable at temperatures above 425°C for positive 
electrolyzing potentials. The effect of Ve on the current is shown by line B 
of Fig. 2. The fall of potential along the filament is not corrected for in the 
graph; making this correction would shift the entire line 2 volts to the left. 

The work function curves obeyed the Richardson equation fairly well, 
yielding a value for 6 of about 4X10‘. No significance can be applied to this 
value, however, since the character of the surface definitely changed with 
temperature. 

Special tests were made to detect an enhancement of the thermionic 
emission in the presence of ultraviolet light. These tests were carried out by 
balancing out the photoelectric current with the leak potentiometer, while 
the thermionic current was observed, and then by balancing out the thermi- 
onic current and measuring the photo-electric emissivity. Both general and 
monochromatic radiation were used. No effect of the ultraviolet light could 
be observed either in the temperature at which thermionic emission became 
detectable or in the magnitude of the thermionic currents. 

The thermionic emission of positive ions. The emission of positive ions 
became detectable at 270°C. This is very close to the temperature where the 
photoelectric measurements showed the electrolysis potential to become 
operative. 

The effect of Ve on the positive ion emission at 422°C is shown by line 
C in Fig. 2. The fall of potential along the filament is such that the entire 
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line should be shifted 1.5 volts to the left, bringing the peak of the curve at 
approximately Vg =0. 

Curve C is distinctly different from curves A and B in that it shows a 
critical value of Vg at which the maximum ion current is obtained. 

The positive ion currents between 270°C and 450°C agree very well with 
those reported by Cottrell, Kunsman and Nelson, except that the value of 
¢@ computed from the Richardson equation is higher by about 0.5 volts. The 
high work function at the low temperature is to be expected from the fact 
that the rate of electrolysis also increases with temperature, thus increasing 
the available supply of possible ions at the surface. 

A test for the photoelectric emission of positive ions was made, using 
direct radiation from the arc in which light of wave-lengths below the thresh- 
old of the copper collector was screened out by Corex A Blue Purple filters. 
No photoelectric emission of positive ions could be detected. 


DISCUSSION OF RESULTS 


The fact that the emission of electrons thermally and by ultraviolet light 
are both affected by electrolysis to and from the surface becomes doubly 
interesting when the characteristics of curves A and B of Fig. 2 are consid- 
ered. By making the necessary corrections for zero potential, it will be 
seen that the two curves are identical in form and position. This is a further 
proof for the contention that the same group of electrons in the metal con- 
tribute to photoelectric and thermionic emission,’ and is in line with the re- 
sults of DuBridge® and of Warner‘ who have shown that the work functions 
for the two types of emission are identical. 

Line C for positive ion emission is also very similar to lines A and B for 
electron emission, except for the fact that it contains an optimum value of 
Ve. It will be noted that the photoelectric activity increases rapidly at the 
value of Vg where positive ion emission becomes detectable. 

The similarity between the positive ion and electron curves as well as the 
presence of an optimum electrolysis voltage for positive ions is readily ex- 
plained by applying to the Richardson equation the intrinsic force concept 
previously outlined by the writer.®: ® 7 

In the equation 7 =ne(k7/271/)'%e~*'7, n is the number of possible posi- 
tive ions per unit volume at the surface of the emitter, while } is a measure 
of the work done in bringing such an ion through the surface region. From 
this it follows that any process which decreases n or raises 6 will decrease the 
positive ion current. 

The electrolysis of positive ions away from the surface (— Vg) decreases 
the value of ; line C of Fig. 2 shows that the positive ion emission is not de- 


2 Sommerfeld, Zeits. f. Physik 47, 1 (1928). 

3’ DuBridge, Phys. Rev. 31, 236 (1928). 

4 Warner, Proc. Nat. Acad. Sci. 13, 56 (1927). 
5 Brewer, Proc. Nat. Acad. Sci. 12, 560 (1926). 
® Brewer, Proc. Nat. Acad. Sci, 13, 592 (1927). 
? Brewer, J. Phys. Chem. 32, 1006 (1928). 
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tectable for large negative values of Vy. The increase in the positive ion cur- 
rent as shown on the graph from Vg = —1.75 to Ve = +1.5, is without doubt 
due to an increase in the value of n. 

The accumulation of an element of large atomic diameter such as potas- 
siumon the surface should, according tothe intrinsic force concept, increase the 
value of } for positive ion emission just as it decreases b for negative emission. 
The decrease in emissivity beyond the critical value of Vg is due, there- 
fore, to an increase in the thermionic work function for positive ions occa- 
sioned by the accumulation of potassium at the surface. Thus the electrolysis 
of potassium to the surface increases both » and b for positive ion emission, 
the observed emission curve being a resultant of these two effects. 

The fact that an electrolysis potential larger than 3 volts positive has 
only a small effect on the emissivity, as may be seen from Fig. 2, raises the 
question as to the nature of the potassium on platinum surface. A condition 
such as this may result either from the surface being completely covered with 
potassium at this point, or from a state of polarization being reached in the 
surface laver which prevents a further accumulation of potassium. 

Two facts may be mentioned which indicate that a state of polarization 
exists and that the surface does not become covered with free potassium. 
First, in Fig. 3 it will be seen that the emissivity drops markedly the instant 
a negative electrolyzing potential is applied. Had the surface been covered 
with a layer of potassium, lines 4’ and B’ should have shown a time lag. 
The second fact is that it was never possible to obtain the threshold for 
pure potassium, the values found always lying between that for potassium 
and platinum. It would seem, therefore, that the surface can best be consid- 
ered as a surface solution of potassium in platinum rather than a deposit 
of potassium on platinum. 

The writer’s best thanks are due Dr. °C. H. Kunsman for his interest and 
advice, and Mr. R. A. Nelson for constructing the filament and rendering 
other valuable assistance. 
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THE ROLE OF THE CORE METAL IN 
OXIDE COATED FILAMENTS 


By E. F. Lowry 
WESTINGHOUSE RESEARCH LABORATORIES, EAST PITTSBURGH 
(Received March 14, 1930) 


ABSTRACT 

Tem perature-power relations have been determined for numbers of oxide coated 
filaments. Part of these filaments had cores of platinum-10% iridium and others had 
cores of “Konel,” an alloy of nickel, cobalt, iron and titanium. Oxide coated Konel is 
a much better radiator than oxide coated platinum-iridium which causes a considerable 
difference in their temperature -input power characteristics. N* vertheless, emission 
measurements show that oxide coated Konel filaments yield higher electron emissions 
than oxide coated platinum-iridium under the same conditions of filament power. 
Experimental proof is also given that these filaments need no activation other than 
the decomposition of the alkaline earth carbonates to oxides in vacuo. The enormous 
difference shown between the emission characteristics of these two types of oxide 
filament necessitates the conclusion that the core metal has a definite function other 
than simply a mechanical support for the alkaline earth oxides. 

Suggested mechanism of thermionic emission from oxide coated filaments. 
In order to account for this difference, a modification is suggested in existing ideas 
concerning the mechanism of emission from this type of cathode. This modi- 
fication consists in assuming that the source of emission is the composite layer 
formed by occlusion of alkaline earth metal on the surface of the core and that the 
electrons emitted diffuse through the interstices in the oxide coating into the vacuous 
space. Argument is presented to show that this explanation will also account for 
other peculiarities in the behavior of oxide cathodes. (1) The decay of emission during 
life may be explained by a slow sintering of the coating and a consequent closing of 
these pores. (2) De-activation of the filament by over-heating may be attributed to 
the same cause. (3) Non-saturation may be due to a pseudo-space charge formed by 
occlusion of electrons on the surface of the coating particles. 


INTRODUCTION 


INCE the discovery by Wehnelt! in 1904 of the exceedingly large electron 

emissions obtainable from glowing calcium oxide, this type of hot cathode 
has steadily become of greater and greater importance both for use in 
various thermionic devices and as a copious source of electrons in work of 
purely scientific interest. This popularity has followed closely upon neces- 
sary improvements in technique, resulting in a much greater degree of uni- 
formity from filament to filament as well as in a constant improvement in 
their efficiency. An inspection of the values of the work function for the 
alkaline earth oxides obtained by various investigators in the chronological 
order in which their results were obtained is an excellent proof of this im- 
provement. A table of this sort is appended for which we are indebted to 
Espe.? 

' Wehnelt. Ann. d. Physik 14, 425-468 (1904). 


2 Espe, Wissenschaftliche Veroffentlichungen aus dem Siemens Konzern, 5, 29-46 (1927). 
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Observer Material d@ (volt) d@’ (volt) 
Wehnelt 1904 CaO 3.67 
BaO 3.85 
Horton 1907 CaO 4.11 
Deininger 1908 CaO 3.76 
CaO 3.48 
Jentzsch (1908) <SrO 3.87 
BaO 3.58 
Schneider (1912) CaO 3.45 
Cook and Richardson (1913) CaO 2.4 
Germerhausen (1916) CaO 2.54 
CaO 3.28-3.94 
BaO 50% 
Wilson (1917) <SrO 50% 2.02-2.16 
BaO 50%) 
SrO —-25%> 2.34-2.59 
CaO 25% 
Arnold (1920) BaO+SrO 1.67—2.05 
Davisson and Germer (1923) BaO+SrO 1.79 
CaO 2.4 
Spanner (1924) <SrO z.15 
BaO 1.85 
Koller (1925) BaO 60%) 
SrO 40% 1.04 
Rothe (1926) (Five Commercial Tubes) 0.64-1.24 
CaO 1.93 1.77 
Espe (1926) <SrO 1.43 1.28 
BaO 1.11 0.99 














As a result of the composite nature of this type of cathode the phenomena 
attendant upon its use are quite complicated and of a somewhat different 
nature than those found upon examination of pure metallic cathodes. This 
complexity has given rise to several schools of thought in regard to the 
mechanics of electron emission from this class of material. It has been 


held: 


1. That the emission is derived from the oxide per se, 

2. That it is the result of a chemical reaction within the coating, and 

3. That the emission comes from a layer of metallic barium on the 
surface of the oxide coat. 


To the best of the author’s knowledge the effect of the base or core metal 
has always been held to be negligible or has been entirely ignored. This is, 
perhaps, a natural consequence of the various ideas concerning the nature 
of the oxide emission which have been held up to the present and to the fact 
that nearly all students of this subject have used platinum as the core metal 
to the exclusion of everything else. Schottky and Rothe in Vol. 13, chapter 
IX page 227 of the Wein-Harms Handbuch der Experimental Physik (1928) 
have summed up the situation very nicely as follows: “Aus einer der ersten 
Untersuchungen der Oxydemission durch F. Deininger geht hervor, das diese 
(i.e., the work functions for various oxides) unabhingig von dem Material 
des Gliihdrahtes und eine charakteristische Eigenschaft des betreffenden 
Oxyds ist, wie es auch allen unseren Anschauungen iiber die Wirkung von 
Oberflichenschichten entspricht.” 
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Results which have been obtained in this laboratory indicate that the core 
metal does play a very important rdéle in the behavior of this type of hot 
cathode and therefore that the explanations stated above are misleading as 
to the true nature of this emission, or at best, are inadequate. It is the 
purpose of this paper to set forth proofs that the core metal has a vital func- 
tion in the phenomena of oxide emission. It is also our purpose to suggest an 
explanation of the mechanics of emission which will take into account this 
newly discovered factor as well as conform to the demands of their better 
known but equally important characteristics. 

With the advent of the oxide coated filament into common use in radio 
receiving tubes, it became an economic necessity to find a satisfactory sub- 
stitute for platinum-iridium as the core metal. Dr. Dayton Ulrey of this 
laboratory suggested that nickel was the logical metal to begin with. Experi- 
ment showed that quite as good emissions could be obtained from oxide 
coated nickel filaments as had ever been gotten from the oxide coated 
platinum filaments then in use. The subsequent almost universal adoption 
of this material for commercial use has entirely corroborated the results 
obtained by the author at that time. 

The search for a satisfactory platinum substitute was not abandoned 
with the proof that nickel could be used with equally good results. A metal 
having a higher tensile strength at red heat and above was desirable to insure 
longer life before burn out as well as less danger of breakage. 

An alloy of nickel, cobalt, iron and titanium was found to meet these 
requirements and also to give excellent thermionic results when coated with 
oxides of the alkaline earths in the usual way. This alloy has received some 
publicity of late under the name “Konel.” 

During the course of investigation of oxide coated Konel filaments in 
commercial tubes of the UX-112 type it was noted that the brightness 
temperature of these filaments appeared to be considerably lower than 
that of similar oxide coated platinum filaments operating at the same power 
per unit area. This observation seemed to call for a careful study of the 
relative operating temperatures of these two types of filaments, since neither 
theory nor experience could account for the effect noticed. This investigation 
was carried out in the manner described in the succeeding paragraphs. 


EXPERIMENTAL METHOD AND RESULTS 


The filaments used during the course of this investigation have all been 
of the type used in UX-281 Radiotrons. Both the platinum-10% iridium 
(referred to hereafter in this paper simply as platinum) and the Konel fila- 
ments were coated in the same fashion. Several applications of a water paste 
consisting of equal parts of BaCO; and SrCO; were baked on the ribbon in 
an atmosphere of CO:. This carbonate coating was subsequently decomposed 
to oxide in vacuo during the outgassing process of the tubel to be examined. 
Since all data given are averages obtained from a rather large number of 
filaments made from different spools of ribbon and coated at different times, 
their exact dimensions are irrelevant. Their approximate dimensions were 
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27 cm length by 0.06 cm width. Both the platinum and the Konel filaments 
had practically the same areas and resistance characteristics. This equality 
of area insures equal space charge limitations when mounted in tubes whose 
anodes are all of the same size. The filaments were mounted J/ fashion in 
standard UX-281 tubes save that for the temperature investigation no 
anodes were included. No corrections for cooling effects of the leads and 
hooks have been applied since a careful test showed that this effect was 
negligible when plotting the temperature of the center of the filament against 
the power input to the filament. 

This test was carried out on a tube in which were mounted two filaments 
as shown in Fig. 1. These filaments were taken from the same spool of 
coated ribbon but were of different lengths. They were connected in series 
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Fig. 1. Diagram of tube. 


so that by subtracting the voltage drop through the shorter filament from 
that through the longer one the power loss in the uniformly heated central 
portion of the longer filament could be calculated. Further calculation 
showed that the end cooling on a filament of this length was responsible for 
an error in the curves of about 3 degrees in the lower range of temperature 
and about 1 degree in the upper range. The target for optical pyrometer 
observations on the base metal was formed by carefully scraping the coating 
from one side of the ribbon at the center of one of the middle legs of each 
filament for a space about equal to the width of the filament. Brightness 
temperature observations were made on this spot as well as on the surface 
of the coating at a point immediately adjacent to this bare area. Two Leeds 
& Northrup optical pyrometers calibrated against standard lamps fur- 
nished by Dr. Forsythe of Nela Park were used for this work, the results of 
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which are shown in Fig. 2. It may be well to call attention to the fact that 
each point plotted is an average of five separate observations and each 
point of a group was found for a different filament. A check test was run 
recently on two of the filaments previously studied using a different pyro- 
meter. The results of this check are indicated by crosses. It seems entirely 
safe to conclude from the results shown that the brightness temperature 
curves given here are not in error by more than +5°C. 

Obviously, we are interested in the true temperature of the core metal 
and not particularly in that of the surface of the coating. In order to cal- 
culate the true temperature of the Konel filaments it became necessary to 
find the value of its spectral emissivity at \=0.65u in the temperature 
region under investigation. This was accomplished by the spiral filament 
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Fig. 2. 


method described by Shackelford* with the result that a value of 83% was 
found for this factor. Foote and Fairchild‘ give this correction factor for 
platinum as 33% and for iridium as 30%. A rough calculation of the spectral 
emissivity of the coatings yields a value of the order of 25%. This value 
is of course only approximate since the difference in temperature between 
the surface of the coating and that of the base metal is not precisely known, 
although it can at the most be a matter of only 10 to 15 degrees C. Further- 
more, these coatings, although appearing pure white by reflected light are 
quite porous as well as translucent, with the result that the above value is 
probably high. 

By applying the proper correction factors to the curves of Fig. 2 we arrive 
at the values shown in Fig. 3 which refer of course to the true temperature 


3 Shackelford, Phys. Rev. 8, 470-478 (1916). 
‘Foote & Fairchild, Symposium on Pyrometry, Am. Inst. Mining & Met. Eng. 338, 
(1920). 
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of the metal cores as a function of the power supplied to the filaments in 
Watts per cm’. 

The difference in temperature between oxide coated platinum and 
Konel filaments operating under like conditions of power input is readily 
explained. Konel becomes considerably oxidized during the coating process 
described above and hence is a much better radiator than platinum. The 
oxide coating, although a poor radiator, allows an appreciable amount of 
the radiation from the core to escape owing to its porosity and translucence. 
As a result the energy radiated is dependent upon the nature of the core 
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to a considerable extent and is not limited entirely by conduction through 
and radiation from the surface of the coating. 

In Fig. 4 are shown some space current measurements made with UX-281 
Radiotrons using similar filaments to those used in the tests described above 
save that these filaments have a length of approximately 17 cm. In fact, 
some of them were taken from the same spools of coated ribbon. These 
curves are also averages for numbers of tubes and show that when the 
currents are limited by emission rather than by space charge the values for 
oxide coated Konel are higher than for oxide coated platinum operating at 
the same power per unit area. It must be borne in mind that the results 
given here are to be considered as typical of this particular kind of coating. 
It is possible that different results might be obtained with, for example, 
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the barium azide method of coating. The whole process of making oxide 
filaments, coating them with oxides and their subsequent treatment on the 
pumps is of the nature of an art only to be acquired through long practice. 
The author would, therefore, hesitate to comment on the results to be ob- 
tained by some distinctly different process of coating. The filaments used 
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throughout this work were good representative samples of commercial oxide 
coated filament. The tubes used were also representative in every way, their 
only difference from commercial tubes being that the most extreme care was 
used in getting the highest obtainable vacuum in each one to obviate the 
possibility that any appreciable part of the space currents obtained was due 
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to the presence of gas. The normal value of emission for UX-281 Radiotrons 
is 0.170 amperes at E,=100 volts and a power input of approximately 4 
watts per cm’. 

The results of the previous curves have been combined to obtain the 
results shown in Fig. 5. Here are shown the space current values obtained 
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at various anode voltages plotted against the temperature of the filaments 
in degrees C. It here becomes obvious that the core metal has an enormous 
effect on the thermionic activity of the coating. It is readily seen from these 
curves that the same anode current may be obtained from oxide coated 
Konel at 775°C. as can be obtained from platinum coated with the same 
oxides at 950°C. This is the phenomenon which we believe is new and for 
which we offer a possible explanation in the succeeding pages. 


THE MECHANICS OF EMISSION 


As mentioned in the introductory matter of this paper, at least three 
distinctly different explanations of the mechanics of emission from oxide 
coated filaments have been set forth in the past. None of them take into 
account any function of the core metal other than as a mechanical support 
for the thermionically active oxides and as a means of furnishing the neces- 
sary thermal energy to them in a convenient manner. The experimental 
facts stated in the foregoing pages make it imperative that the role of the 
core metal be recognized and its effect explained. It is obvious that such an 
explanation must also be in accord with other phenomena peculiar to this 
type of cathode. Some of these phenomena are: 


1. The formation process. 

2. Destruction of activity by overheating. 
3. Decay of activity with life. 

4. Non-saturation. 


The explanation most in favor during recent years has been that offered 
by Koller,> Espe,® Rothe’ and others in which it is assumed that the source 
of activity is a layer of metallic barium on the surface of the oxide coating. 
Espe argues that this barium is formed by electrolytic decomposition of the 
oxide coating and that the barium diffuses to the surface of this coating where 
it serves as emission centers. The explanation submitted herein is a modifica- 
tion of this idea in that it is believed that the emission arises from a layer 
of metallic barium occluded on the surface of the core metal or alloyed with 
it. This modification seems necessary in that if the emission arises from the 
oxide itself or from barium “emission centers” on the surface of the coating, 
the thermionic activity of such filaments should be unaffected by the nature 
of the core. In such case both platinum and Konel oxide filaments should 
be equally active at like temperatures. This obviously is far from the fact. 

In a way, it is immaterial to the argument at hand as to just the method 
by which the barium is produced. If it is formed by electrolytic decomposi- 
tion according to Espe,® the barium ions would be positively charged and 
have a natural tendency to migrate toward the core. As a matter of fact this 
is probably the method by which a constant supply of barium on the core 
is maintained after the initial “activation.” 


5 Koller, Phys. Rev. 25, 671, (1925). 
6 Espe, reference 2. 
7 Rothe, Zeits. f. Physik 36, 737-758 (1926). 
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It is also possible that metallic barium is formed by positive ion bom- 
bardment under certain conditions of activation. This explanation does 
not, however, account satisfactorily for a maintenance of a barium supply 
under high vacuum conditions. 

With the type of coating used by the author in the course of this work it 
is, however, entirely probable that the barium is formed either by thermal 
decomposition of the carbonates in vacuo or by the reducing action of the 
metallic core. Figure 6 shows a curve of the behavior of a typical filament 
during the course of an experiment to prove this point. Tube #X2410 con- 
taining Konel filament #125—386 was baked at 400°C in the usual way, after 
which the metal parts of the tube were thoroughly outgassed in a high 
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frequency furnace. The only heating received by the filament up to this 
time was that due to radiation from the hot anode. An instantaneous meas- 
urement of emission was then made and yielded a value of 5X10~* amp. at 
a filament power input of 4 watts per cm? and an anode voltage of 100 volts. 
The filament was then heated at 8.5 watts per cm? for several minutes 
and then at 5-6 watts per cm? until the gas pressure in the tube had been 
reduced to less than 110-5 mm of mercury. During this treating out of the 
filament no anode voltage was applied and the plate was cold except for 
radiation absorbed from the filament. Another instantaneous determination 
of the emission now gave 0.186 amperes under the same test conditions as 
before. Subsequent treatment of various kinds gave no improvement as is 
indicated by the curve, which is self explanatory. This behavior is typical 
of this type of filament when properly handled. Similar results have been 
obtained with oxide coated platinum filaments, so the results described can- 
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not be ascribed to the kind of base metal used. Since a certain amount of 
vaporization of the barium from the core is to be expected at operating 
temperature especially in the case of platinum filaments, it is quite likely 
that the supply of barium is replenished by some such process as the electro- 
lytic decomposition of the oxide coating. It certainly is not essential however 
to their initial activation. Again we must insist that this applies only to coat- 
ings of the type used in this work. If the carbonates are converted to oxide 
by long continued heating in the air and not converted in vacuo as in this 
case, an activation process of some length does have to be followed to bring 
the filaments up to normal activity. 

Evidence of this and also of the fact that the emission is due to metallic 
barium was obtained in an experiment similar to the one just described in 
which the filament was burned in air at low pressure for a short time after 
it had been tested as above with identical results. The burning in air had 
the result of enormously reducing its activity (to about 5X10°° amp.) and 
it was only by heating it for some hours in high vacuum with a constant 
application of 200 volts on the anode that its activity was restored to the 
same order of magnitude that it had originally. 

A necessary consequence of our hypothesis is that the electrons leaving 
the emitting layer must diffuse through the interstices in the oxide coating. 
This consequence presents no serious difficulties. Indeed, it offers a solution 
to some of the perplexing problems connected with the behavior of this type 
of cathode. At best, the electrical resistivity of these oxide coatings is very 
high even at glowing temperatures. In fact, Dr. C. T. Ulrey of the Research 
Laboratory of the Westinghouse Lamp Company during the course of some 
yet unpublished work has not been able to obtain a discontinuity in the space 
current curve for such filaments when the anode was made to approach 
the filament until it actually touched the surface. Furthermore, these 
coatings are very porous. When viewed through a microscope they have 
the appearance of a light fluffy fall of snow. It seems reasonable to suppose 
therefore that the escaping electrons may diffuse through this oxide layer 
which, however, does offer some tmpedance to their progress. Suppose now 
that this coating should become more compact so that its pores are partially 
closed. The natural consequence would be that the apparent activity of the 
filament would be measurably impaired. This is precisely the type of phe- 
nomenon that does occur. It is well known that glowing the filament for a 
comparatively short interval of time at a considerable overvoltage will prac- 
tically ruin its emission. It has been the author’s experience at least that a 
filament which has been so mistreated cannot, in general, be reactivated to 
anything like its original characteristics. It is also true that such filaments 
will, after such reactivation as is possible, yield large emissions if very high 
anode voltages are applied. The net result of such an overheating of a 
filament is essentially to increase the impedance of the tube by an ap- 
preciable amount. This we believe to be caused by a partial closing of the 
pores of the coating. Preliminary microscopic examination of some such 
filaments actually showed a sintering or glazing of the coating until it had 
the appearance of a crackled enamel. 
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Exactly similar behavior is shown by filaments whose activity has 
gradually decreased during a long period of use. Such worn out filaments 
always retain an appreciable amount of coating. In fact, a fairly close 
inspection shows that they still possess nearly as thick a layer of oxide as they 
had initially. In this case also large emissions may be drawn if sufficiently 
high anode voltages are applied. 

If the loss of activity in these cases were due solely to a loss of metallic 
barium due to vaporization it should be possible to cause these filaments to 
regain all their initial activity by electrolysis or by positive ion bombard- 
ment. As stated above it is rarely if ever that it is possible to do this. 

The process of electron diffusion through a porous, poorly conductive 
coating may also explain the phenomenon of non-saturation which is com- 
monly met with in this type of cathode. It follows logically that large num- 
bers of electrons will become enmeshed in the pores of the coating or occluded 
on the surface of the particles of poorly conducting material composing it. 
It is quite possible also that the numbers of electrons so entrapped will vary 
somewhat with the anode voltage applied. This process will give rise to an 
effect similar to a negative space charge within the confines of the coating 
itself. The space currents obtainable then at any given anode voltage and 
filament temperature represent the number of electrons per second it is pos- 
sible to drag out of or through this negative charge built up within the 
coating layer. The result will be that much higher anode voltages will be 
required to approach a saturation than if this pseudo space charge did not 
exist. At temperatures in the neighborhood of 1000°C the electron emission 
from these filaments is so enormous that it is next to impossible to obtain 
anything approaching saturation owing to the very considerable heating 
effects of the emission itself. At these temperatures also the conductivity 
of the coatings will be increased appreciably affording a better opportunity 
for the electron charge to leak off. 


CONCLUSIONS 


In view of the experimental results presented in the foregoing pages, we 
are forced to accept the fact that the base or core metal does affect appreci- 
ably the electron emission from the alkaline earth oxides. This situation in 
turn demands a modification of existing ideas concerning the mechanism of 
emission from oxide cathodes. 

An hypothesis is offered concerning this mechanism in which: 


1. The source of emission is assumed to be a layer of metallic barium 
(or other alkaline earth metal) occluded on the surface of the base metal or 
alloyed with it. In this case the constants of the well-known Richardson 
equation must be characteristic of the composite surface. 

2. The electrons emitted from this composite surface must diffuse through 
the pores of the coating. 

3. The coating in turn, as a function of its porosity, offers considerable 
impedance to the progress of the electrons. 
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4. The occlusion of electrons on the particles of the coating sets upa 
pseudo space charge effect which serves to explain the phenomena of non- 
saturation as well as the fading of emission during short periods of operation. 

5. The gradual decay in activity of coated filaments during life is due 
to a slow sintering of the coating resulting in a closing of its pores and a 
consequent increase in the impedance offered to the passage of electrons. 
A similar process occurs if the filament is strongly glowed for a compara- 
tively short interval of time with or without anode voltage. 


It is admitted that no crucial tests of this explanation have been offered 
with the exception of that showing the pronounced influence of the core 
metal; which, of course, is the effect which makes the above modification in 
existing ideas necessary. Numerous experimental investigations are now 
under way in this laboratory which have been designed as tests of the various 
assumptions made herein. It is hoped that these tests will be far enough along 
to. permit of their publication in this magazine in the near future. 

In conclusion, the author wishes to express his gratitude to Dr. C. T. 
Ulrey of the Westinghouse Lamp Company Research Dept. and to Drs. 
D. L. Ulrey and N. Rashevsky of this laboratory for their interest and for 
the helpful suggestions received from them during the progress of this work. 





+ we ae ee 




















JUNE 1, 1930 PHYSICAL REVIEW VOLUME 35 


ON THE THEORY OF THE SOLAR CORONA* 


By E. O. HULBUuRT 


NAVAL RESEARCH LABORATORY 
(Received April 17, 1930) 


ABSTRACT 


The outer atmosphere of the sun is assumed to be composed mainly of ions and 
electrons which are actuated by gravitation, radiation pressure and the magnetic 
field of the sun. By distillation along the lines of magnetic force the particles collect 
in the lower latitudes of the solar outer atmosphere and by their diamagnetism reduce 
the magnetic field approximately to zero in this region, leaving a stray field at the 
poles. Thus the polar plumes, prominent during sun-spot minima, are regarded as 
owing their form to the magnetic field of the sun. Whereas the wide spreading struc- 
tureless coronal luminosity extending out from the lower latitudes is due to an accumu- 
lation of ionization which reduces the magnetic field to a low value and permits the 
radiation to blow the particles out to great distances. During maximum solar activity 
there is sufficient ionization of the outer atmosphere to reduce the magnetic field to a 
low value even at the poles, and hence the outer atmospheric spray extends roughly 
equally in all directions, in accord with the appearance of the corona. 


URING minimum solar activity the corona spreads out from the sun 
between latitudes about 50° north and south as shown in Fig. 1.! In 
this region the luminosity is mainly structureless, with of course irregularities 
such as clouds and prominences. The polar plumes are short and well defined. 
During maximum solar activity the corona extends more or less equally in 
all directions, as in Fig. 2,2? with no marked polar plumes. At times the lumi- 
nous streams ejected from the active latitudes around 40° give the corona 
roughly the outline of a square. The material of the corona is considered to 
be very attenuated, for comets have been observed to pass through it without 
being damaged.? The coronal particles were found, from Doppler effects, to 
be moving outward from the sun® with velocities around 20 km sec™!. In the 
present paper the assumption is made that the outer atmosphere of the sun 
is composed of ions and electrons, and it is shown that the particles, due to 
the influence of gravitation, radiation pressure, and the magnetic field of the 
sun, form an atmosphere which has approximately the observed shape of the 
corona, 
From measurements of the Zeeman effect of spectrum lines in the chro- 
mosphere Hale* has shown that the magnetic field of the sun is similar to that 
of a uniformly magnetized sphere. The magnetic field around a uniformly 


* Published with the permission of the Navy Department. 

1 Slocum, Astrophys. J. 64, 145 (1926). 

2 Mitchell, “Eclipses of the Sun” (1924), 

’ Russell, Dugan and Stewart, “Astronomy” 2, 509 (1927). 

‘ Hale, Astrophys. J. 38, 31 (1913); Hale, Sears, van Maanen and Ellerman, Astrophys. 
. J. 47, 1 (1918). 
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magnetized sphere is drawn in Fig. 3. The magnetic field of the sun was 
found to decrease along the radius, falling from 55 gauss to less than 10 gauss 
in a distance of a few hundred kilometers measured radially outward.4 Gunn® 
explained the radial degradation of the magnetic field by means of the dia- 
magnetism of the long free path ions and electrons in the chromosphere; 
various drift currents may add to or subtract from the diamagnetic effect 
but perhaps not to a great extent. 





Fig. 1. Fig. 2. Fig. 3. 


Fig. 1. Drawing of the eclipse of January 24, 1925, near minimum solar activity. 
Fig. 2. Drawing of the eclipse of August 30, 1905, near maximum solar activity. 
Fig. 3. Magnetic field of a uniformly magnetized sphere. 


If a-region contains y long free path ions or electrons per cm’ and if J 
is the impressed magnetic field in the region, the ions and electrons by their 
diamagnetism cause a reduction in //. The condition that /7 be reduced to a 
small value is expressed by® 


vy > H2/40kT, (1) 


where 7 is the absolute temperature of the ions and & is the Boltzmann con- 
stant 1.37110-" erg deg™'. Although accurate enough for the present dis- 
cussion (1) is an approximation, for it neglects the possible warping of the 
field I] by the diamagnetic cloud. 

In order for diamagnetism to exist we must have 


y 2p, (2) 


where y is the free path of the ion and p is the radius of gyration of the ion 
about /7. Assuming that all the particles are ions of mass m, diameter o= 
3X10-* cm and velocity 7, 


p = m/He, (3) 


5 Gunn, Phys. Rev. 33, 614 (1929), 35, 635 (1930). 
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and 

y = 1/(2)!/*ryo?. (4) 
From (1) with 7 of order 10* °K and with // of order 10-*, 10-4 and 10-* gauss 
at various regions of the corona y can not be greater than 10°, 10 and 10°, 
respectively. From (2) it follows that the ions can not reduce the field to 
zero, for if H is very small p from (3) is so large that (2) is not satisfied. For 
example, with m of order 10-* grams and v of order 10° cm sec~! H7 can not be 
reduced by the diamagnetism of the ions to less than 10-7, 10-® and 107" 
gauss for y= 10°. 10‘ and 10°, respectively. However, this slight remnant of 
the magnetic field is of no interest here, for it does not influence the motion 
of the coronal ions appreciably. 

It is assumed that the outer regions of the chromosphere are composed 
mainly of ions and electrons, each cm* containing approximately an equal 
number of positively and negatively charged particles, and that the particles 
are forced outward by radiation pressure with velocities around 20 km sec". 
A mechanism of radiation pressure has been discussed by Milne® and need 
not be described here. The diamagnetism of the ions reduces the solar mag- 
netic field to small values in the outer chromosphere. Let us suppose that 
the magnetic field outside of the chromosphere were that of a uniformly mag- 
netized sphere, as Fig. 3, with a value of, say, 1 gauss at chromospheric levels 
at the equator. The positive and negative ions and electrons, forced out by 
radiation pressure, follow along the lines of magnetic force in tight spirals; 
with m=10-* grams, v=2X10° cm sec~! and JJ =1 gauss p from (3) is 12.6 
meters, which is very small compared to distances in the corona. In general, 
wherever the magnetic field is more or less normal to the radiation pressure 
the ions accumulate sufficiently to break down the field. Thus the charged 
particles ejected between the latitudes 50° north and south are constrained 
to move in the space between the 50° magnetic line, Fig. 3, and the sun. They 
accumulate in this space until by their diamagnetic action they reduce the 
magnetic field to very small value, practically to zero. From (1) with 7 of 
order 10* °K and H7=1 gauss y is 10". Therefore, when y reaches 10" the 
guiding action of H is destroyed. The ions thereupon steam out from the sun 
in the lower latitudes to form a structureless luminosity similar to that of 
Fig. 1. 

In polar latitudes the lines of magnetic force are nearly parallel to the 
force of radiation pressure. The ions slide out along the lines of force without 
hindrance and large ion densities in the polar regions of the corona are not 
built up. Therefore the corona in the polar zones does not extend to such 
great distances from the sun as it does in the lower latitudes. The polar mag- 
netic field is not destroyed; it guides and is outlined by the flying ions. Thus 
the short polar coronal plumes are formed, as are observed during solar qui- 
escence, Fig. 1. During maximum solar activity we may suppose that suff- 
cient numbers of ions are ejected to wipe out the magnetic field in the coronal 
regions at all latitudes, thereby permitting the coronal ions to move out more 
or less uniformly in all directions, as in Fig. 2. 


6 Milne, Monthly Notices, Roy Ast. Soc. 87, 697 (1926-27). 
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The solar latitudes around 40° are the regions of greatest activity, the 
eruptions being in general more frequent there than in other areas of the 
solar surface. It is possible that enough ions may be emitted to reduce J/ to 
zero above the 40° line, Fig. 3, and yet because of a less rapid supply of ions 
in latitudes below 40°, 77 may be appreciable in the lower latitudes within 
the coronal regions bounded by the 40° line. Thus the present view is not 
incompatible with Deslandres’ hypothesis’ that J/ is of the order 10-7 gauss. 
The hypothesis was advanced to explain the curvature of certain solar protu- 
berances, on the idea that the material of the eruption carried an excess 
charge, either positive or negative, and therefore in its progress across the 
magnetic field would move in a curved path. The hypothesis may, however, 
not be necessary, for in certain cases, at least, asymmetrical radiation pres- 
sure, as suggested by Pike,’ may cause the curvature of the prominences. The 
curious twining and curvature occasionally observed in the long coronal 
streamers and filaments may be evidence of remnants of the distorted mag- 
netic field. 

The total brightness of the corona is about 10~6 of that of the sun, and the 
luminosity falls off roughly with the inverse fourth to sixth power of the dis- 
tance from the center of the sun*. The ions and electrons of the coronal at- 
mosphere are pushed out from the chromosphere by radiation pressure, the 
pressure acting mainly on the ions which, by their electrostatic attraction, 
drag the electrons along with them. The ions absorb the sunlight, thereby 
being subjected to radiation pressure, and reemit a portion of the absorbed 
energy as coronal light. The radiation pressure acceleration® p is given by 


p = 18/me, (5) 


where J is the energy flux of the sunlight which is absorbed by the ion with 
ionic absorption coefficient 8, m is the mass of the ion and c is the velocity of 
light. If a fraction f of the absorbed energy is reemitted as coronal radiation 
T., then 


I. = fel, (6) 


where y, is the total number of ions in the corona. 

The total energy flux in all wave-lengths from the solar surface is 6.2 x 10!° 
erg cm~* sec~'. Assuming that 10~* of this, corresponding to the energy in 
the ultraviolet region from about 1500 to 1800A, is absorbed by ions of mass 
m =10-*3 grams and absorption coefficient 8=5X10-", J is 6.2107 and p 
from (5) is 10°cm sec~*. This is somewhat greater than the solar gravitational 
attraction acceleration 2.75 X 104 cm sec’, which is as it should be if the coro- 
nal ions are forced out from the sun by radiation pressure. If the ion density 
y is 10° ions cm~ in the outer chromosphere and falls off with the inverse 
fifth power of the distance from the center of the sun, y, is about 10*° ions. 
With these values and with f=10~° in (6) J. is 310°? erg sec”'. The total 


7 Deslandres, Comptes Rendus 189, 413 (1929). 
’ Pike, Monthly Notices, Roy. Ast. Soc. 88, 3 (1927). 
* Cf. Hulburt, Phys. Rev. 35, 1098 (1930), section 8. 
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radiation J, emitted by the sun amounts to 3.7 X10" erg sec™!. Thus the 
coronal energy J. is 10~* of J, in accord with observation. . 

Equations (5) and (6) are valid no matter what processes of light absorption 
and emission are assumed, i. e. whether the processes are those of fluorescence, 
Raman radiation, resonance scattering,'® etc. On the other hand, Anderson’s" 
very startling theory of the corona makes quite a different set of hypotheses 
and therefore uses equations different from (5) and (6). The theory assumes 
that positive electricity is continually annihilated in the sun leaving the sun 
negatively charged, that the excess negative electrons are driven out mainly 
by electrostatic forces to form a pure electron atmosphere around the sun 
and that the coronal light is the solar radiation scattered from this atmos- 
phere. As far ascan be seen the considerations advanced in the foregoing 
paragraphs in explanation of the geometrical form of the corona will hold 
equally well on Anderson’s theory as on a radiation pressure theory. Prob- 
ably a final decision about the constitution of the coronal atmosphere can 
not be reached as long as the origin of the lines in the spectrum of the corona 
remains unknown. 

In conclusion the present paper can hardly be regarded as offering a 
quantitative theory of the corona. It presents a few quantitative ideas about 
the processes which may be important in the corona and thus furnishes a 
framework on which to build a quantitative theory. To work out the ideas 
in more exact detail promises to be a difficult problem, entirely apart from 
the fact that the development will have to deal as best it can with many un- 
known quantities and uncertainties of assumption. 


© Unsild, Zeits. f. Physik. 46, 765 (1928). 
" Anderson, Zeits. f. Physik 42, 475 (1927), 41, 51 (1927), 
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ABSTRACT 

The paper consists essentially of an analysis of the equations given by Lewis 
and Randall for the distribution of non-reacting ideal fluids in a gravitational field. 
When the fluids are incompressible a formal solution is obtained, for a mixture of 
any number of constituents. But it has not been possible to put it into a form conven- 
ient for numerical application. The ratios of the concentrations of any constituent at 
the top to that at the bottom of a vertical column of the mixture are given explicitly, 
both for incompressible and compressible fluids. When all the molar volumes of the 
various fiuids are equal the equations are solved completely and lead to a relative baro- 
metric distribution, and in the particular case of ideal gases, to individual barometric 
distributions. The physical meaning of this is briefly discussed. The case of binary 
mixtures is treated in detail, and numerical examples are given, first for a mixture of 
two parattins, and secondly for a dilute solution of NaCl in water which is equivalent 
to an ideal solution of liquids. As is to be expected, the effect is extremely small, and 
in the first case only one tenth as large as is given by a simple barometric formula. 


1. INTRODUCTION 


LTHOUGH we might predict, @ priori, that the effect of gravity in 

causing a variation with height in the composition of a mixture of non- 
reacting fluids is but a slight one, it is of interest to have explicit theoretical 
expressions for this effect. As yet, this has not been attained in the general 
case of a mixture of any number of constituents: however, the problem of a 
binary mixture of two ideal fluids has been completely solved and some 
results of interest have been obtained for the general case. These results 
and the general problem will be discussed in the following. 

Gouy and Chaperon! first, and Jater Duhem® and van der Waals*® con- 
sidered binary mixtures thermodynamically, but they do not present explicit 
formulae for the results. Even earlier, however, Gibbs‘ derived the general 
conditions of equilibrium for a mixture of any number of fluids, but he 
applied them only to the ideal gas mixture. The conditions of Gibbs are: 


(a) The temperature, 7, be uniform throughout the mixture; 

(b) witgs=constant (1) 
where y; is the intrinsic potential of the 7" constituent, and z is the height 
above a fixed horizontal plane. 

(c) dp = —gpdz (2) 


1 Gouy and Chaperon, Ann. Chimie Physique 12, 384 (1887). 
2? Duhem, Jour. de Physique 7, (1888). 
3 yan der Waals, Die Continuitit des Gasférmingen und Fliissigen Zustandes, II, p. 30. 
‘ Gibbs, Thermodynamics, p. 146 and p. 159. 
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where p= /(z) is the pressure at 2, and p=p(z) is the density of the mixture 
at 2. 


Il. THE DIFFERENTIAL EQUATIONS FOR THE EFFECT 


The general differential equations for the effect were then set up by 
Lewis and Randall.5 Their method is the following: 

Considering any constituent separately, the zh for example, the second 
law of thermodynamics requires that under equilibrium conditions through- 
out the mixture 





ee 3) 
i; = z a —adn; —dan; = VY, < 
dz ap / an; "=, ; 


where F;=F;(p, 2, 7, ni, #;) is the partial molal free energy of this con- 
stituent and #;=%;(s) is its mol fraction. This is obviously equivalent to 
Gibb’s condition (1). 


Clearly, if w; is the 7th molar mass, 


OF ; 

= = Wig, (4) 
and by the second law of thermodynamics, 

OF ; —e = 

Op = V; (5) 


where V;= V;i(p) is the partial molal volume for the 7th constituent. 

Now for ideal solutions, to which the present considerations will be 
restricted, V; is by definition equal to the 7th molar volume, V;, at the pres- 
sure p and temperature 7. This is a consequence of the criterion that an 
ideal solution must obey the law of additivity of volumes. Also, in this case, 

OF ; OF; RT 
—=0,j4i —=— (6) 
On; On; nj 
where R is the gas constant, per mol. Combining (2), (4), (5) and (6) with 
(3): 
i pv; — wi] i= 1,2,---7 (7) 
dz RT 
if there are r constituents. This is the final form given by Lewis and Randall. 

To get the explicit solution to the problem under consideration, the 
system of simultaneous equations (7) must be integrated, since the com- 
position is essentially given by the #;. In principle, (7) would be immediately 
integrable in the case of incompressible fluids, except for the term p=p(z) 
which must be determined from the equations together with the #;. This 
difficulty is not serious in itself, since p(s) may be expressed in terms of the 
v;, and in this way eliminated; for, by definition, 


p= Lwin; (8) 
i 





5 Lewis and Randall, Thermodynamics, p. 242. 
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where 7; is the number of mols of the jth constituent per'cc of mixture. 


Also, the definition of the ideal mixtures implies that 


doen, = |. (9) 
] 

> wn, win; 

—— = - (10) 


wii Yon; Dein j 


] ] 


Hence 


Alternatively, (10) may be derived from the equations (7) themselves: 


by adding the equations (7) and noting that by definition 
>a; =1 (11) 
2 


dn; d 


g 
: = ya; = 0 = — |» Soja, Cen | 
j ds dz j R17 j j 
which is identical with (10). 
Putting (10) into (7), the latter becomes a system of non-linear coupled 
equations: 
dn; 
= Yoon; = kn; Dov vpw; — v,;w,) (12) 
dz j 


d 


where k=g/RT; p;=w/v;. 


III. INTEGRATION OF THE EQUATIONS 


The general system (12) has not been integrated completely, except 
in the case of a binary mixture. However, when all the 7; are equal, (12) or 
(7) can be solved exactly for a mixture containing any number of constituents. 

Returning to (7), its integral is, clearly: 


ii; _ cyeg Fwiet k fripde (13) 
and hence 
a Oe (14) 
nj; Nj Cj 
However, as p(z) is unknown until the 2; themselves are known, (13) or 
(14) do not give the solution to the problem in a form which can be applied 
to any specific case. If the v7; are taken to be constant, p can be eliminated 
from (12), giving 
ni; l/r; Ci l/r; 
( ) a“ ( ) —ek=(pj-pi) | (15) 
(ai (ec) : 
But, although there is yet the relation (11) to be imposed on the #;, the 
system (15) cannot in general be solved for the #;. 
On the other hand, for the special case where 





vi = vj = +++ = 9, for all values of g, (16) 





— — 
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(14) gives 
nN; nN; Ci 


—_ 2 wa & —ekz(uj- wi). (17) 


This equation clearly implies that 


ni; = ce Bewitole) | (18) 
8, = ce Este), (19) 
Applying (11) to (18) 
cyem Bes 
© (20) 


es doc je7 
i 
and applying (9) to (19) 


2 gE - (21) 


From (2), (8), and (21) it now follows that 


fra = RT log docje- i, (22) 
] 


If v is known as a function of p, (22) will give p, and hence v as a function 
of s. This, when put into (21), gives n; explicitly as a function of z. The con- 
stants c; may then be determined, in principle, by applying the conditions 


that: 
h 
I. nidz= N; (23) 


where 2 is measured from the bottom of the vessel containing the mixture 
and h is the height of the free surface above z=0; N; is the total number of 
mols of the 7th constituent in the mixture. 

If vis not a function of p, (21) itself gives the final solution to the problem, 
after the determination of the c; by (23). 

It may seem that (16) is a very strong restriction upon the mixture 
constituents. Nevertheless, the important case where these constituents 
are perfect gases satisfies (16). For the molar volume is the same for all 
perfect gases at a given temperature and pressure, and they obviously 
form “ideal mixtures.” In fact, for perfect gases 


RT 
BVO, e---Fa—- (24) 
p 
When this is put in (22), it gives 
p = const. )ocje~*i, (25) 
i 


Thus, by applying again (24), (21) becomes: 


Nn; = noe **¥i, (26) 
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This is the ordinary barometric formula derived quite differently by 
Gibbs, though usually tacitly assumed without explicit justification. Here, 
it results from a very special case of the general equations. 

In addition to the case of perfect gases, (16) would be satisfied by a set 
of non-reacting liquids whose molar volumes happen to be the same, or 
nearly the same, since the liqiuds may be taken as incompressible. (21) is 
the complete solution under these circumstances. 

Finally, the fact that we get the barometric formula (17) under the as- 
sumption that all the 7; are equal, whereas, when this assumption is not made 
the distribution law is quite different, is of added interest in that it suggests 
the physical basis of the effect under consideration. If we mix a number of 
substances whose molecules interact in no way with each other, it is clear 
that a barometric distribution of the type given by (17) will result, since 
before mixing each had a barometric distribution. Hence, variations from 
barometric distributions must be related to the interactions between the 
molecules. For the present purposes, we may consider a molecule and its 
field of force to be characterized by its “effective volume,” i.e., the volume 
per molecule in the ensemble, and we note that the assumption of ideal 
mixtures means that, on mixing at constant pressure and temperature, these 
effective volumes are not changed. 

If, then, to a homogeneous substance is added another with molecules 
of the same effective volumes, it is apparent that to the original molecular 
type the added ones will be indistinguishable, in the matters of collisions and 
perturbing forces, from molecules of their own kind, and vice versa. The 
effect will be essentially that of increasing the total number of molecules of 
either kind. Thus, we should expect the relative distribution to be baro- 
metric, as it was before mixing. Only for ideal gases will the individual dis- 
tributions be barometric, but the relative distributions in all such cases 
will be of the type given by (17). 

On the other hand, when the effective volumes of the added molecules 
are different from that of the original kind, the added molecules will exert 
different forces upon those originally present from those which the latter 
exert between themselves. Under these circumstances, we cannot expect 
even the relative distributions to remain as they were before mixing. Hence, 
in this general case we may get a distribution quite different from that given 
by (17). In fact, for the example given below of a binary mixture in which 
the effective volumes differ by a factor of about 2, we find that the distribu- 
tions given by (15) and that given by a barometric formula may differ by a 
factor of 10. 

Thus, in this qualitative way we can understand the physical basis for 
the analytical simplicity involved in the assumption of equal molecular 
volumes for all the molecular species. 

Before discussing in detail the binary liquid mixture, it may be of interest 
to examine (15) further. If (15) be written as 

(m,)'/™ 
— = cjet(ri-m) ¢, = 1 (15’) 
(a) 
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and if s=(v,)'/", then 











sti 
= ¢ "ie evi (oi—m) 

nj 

and 
s¥ 
Gat~-qo Teet-en~ FF 

ri i c,%e ke¥t Corer) 

so that 
svi 
= | (27) 


j c "ie? i? (Pi— Pk 

This is an equation for s as a function of z. Provided the c; were known, 
it could be readily solved numerically for any value of z. But as the c; are 
implicitly determined by (23), it is very difficult to express them directly 
in terms of the N;. However, if, in the particular problem under considera- 
tion, the object is to study the variation in composition from an assumed 
composition at a given height, (27) will suffice. As 


_ Iau) 
~ Tar 


the composition assumed at the height /, will give the c;, and (27) will then 
give the composition at any other height. 

Finally, it should be pointed out that, both for incompressible and com- 
pressible fluids, the ratio of the concentrations f;, defined as the mol-fraction, 
of any constituent at the top to that at the bottom of the vessel containing 
the mixture, can be found in the general case. Considering first the incom- 
pressible fluids, if # be the height of the vessel and ./ the total mass of the 


mixture for the volume of unit section of height /, then (13) taken between 
the limits 0, 4, gives 


Cj 


—BACoj—o1) | (28) 


ni (h) fi(h) 
n (0) f(0) 
If an average density be defined by j= ./h, then 


fi(O) 

Thus, if p;<f, the composition of the ith constituent at the top is greater 
than that at the bottom and, conversely, if p;:>j. This of course, would be 
expected. 

If the fluids are compressible, we may consider their molar volumes, 
v,;, to be given as a function of the pressure. In this case, applying (2) to 
(13), we get 





ew kwihtkeiM = Ay. (29) 


i; = cye Bes kia fos(p) dp, (13’) 
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We may consider /v;(p)dp =b;(p) as known. Then, taking (13’) between 

the limits 0 and h, we get: 

n(h) — fi(h) 

For any particular case, the expressions for b;(p) may be put into (30a) 

and the actual ratios of the concentrations may then be determined numer- 
ically. 


= e~bwih-kialbi(y,)—bi(pot MO] b(h) = fo. (30a) 


IV. THe Binary MIXTURE 


We shall first treat the binary mixtures of incompressible fluids. In this 
case, (15) does permit of an explicit solution. Letting 











ny Ny 
{= <a = 
Ne Ne 
then t (31) 
; { = 
ui, = > — See 
1+ 1+?) 
Hence, by (15) 
1 1 1 | 
—logt+ (— - —) log (1 + 4) = const + k2(p2 — pi). (32) 
V1 Ve V1 ; 
Now from (29) and (11) 
A,n,(0) + A of»(0) = 
which, combined again with (11), gives 
etc. ne 
— (33) 
= 1— A, sip A,-1 | 
nr = —; aoe 
— i-< Ay = he | 
so that 
1 t 1 1 1+? 
~~ tag + (— = —) log —— = kz(p2 — pi). (34) 
V1 to Yo «=o 1+ to 


As to is known, (34) gives explicitly the variations of the composition ¢ 
with zs. The density of the mixture is then 


wit + we ; 
:=———. (35) 


v4t + ve 


The actual magnitude of the effect may be more directly inferred from 
the extreme values of the concentrations #,(0) and 72(0), given by (33) and 
(29), or by the extreme values of the density. These latter are easily found 
to be by (35), (33), and (29) 
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W1 — We + Wel, — Wie 








p(0) = = | 

V1 — Vo + 241 — M2 | 
b (36) 

A,A2(we — wi) + Aw, — Awe 

p(h) = 

AjAo(v2 — 0) + Avi — Agr. | 
Referring to (23), we let Vi/N2 = c, and noting that Viw; + Now, = M, 

Nivi + Nov. = hk, A, and Az take the values 

Ay = ebeivalempdhiete2, fy = Aye, (37) 


Thus, p(0) and p(k) can be expressed directly in terms of c and h. For compari- 
son with these formulae, we may note the expression for the composition 
which would be given by a barometric distribution. This latter is 


t= —= 





nm, Nyw,(1 — e~*e2*) 
: ek(wa-wi)e | (38) 
\ ¢ 


Ne» owe(1 — e~*u") 


We see that here the molar volumes V do not enter at all. Yet, this is in 
complete agreement with our physical picture of the phenomenon, according 
to which a barometric distribution implies that all the molar volumes are 
equal and hence do not explicitly affect the distribution. The fact that c 
does not enter in the expressions as /'(/) ‘f'(0) is simply a corollary of the 
same reasoning. 

The forms of (36) and (37) indicate that the effects of gravity, which we 
have been considering, should be entirely beyond experimental observations 
for any reasonable values of k. The following computation will give an exam- 
ple of the actual magnitude of the effect. We consider a mixture of two mem- 
bers of the paraffin series, heptane and octodecane, mixtures of which are 
very nearly “ideal.” Let the temperature be 293°K. The data are 


= 100.12; p, =0.084; v,=1 
we(octodecane) = 254.30; p2=0.777; t=3 


w (heptane) 46.374 
) 


7.284 
Let c=1. The computation gives for 


h=100 meters: p(0) =0.74834 
p(h) =0.74818 


h =1000 meters: p(0) =0.74901 
p(h) =0.74750. 


The composition variation according to (34) is plotted in Fig. 1 and, for 
comparison, is added the composition curve which would be given by the 
barometric formula (38). 

It is of interest to observe that, for this case at least, the incorrect baro- 
metric formula would indicate a rather appreciable variation of composition, 
whereas the equation (34) gives a quite negligible variation. 
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As a final example, it may be mentioned that, since a dilute solution is 
equivalent to an “ideal” mixture, the present formulae may be applied to 
such a case as a dilute solution of NaCl in water. Thus, if c=100, 7 =300°K. 
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58.457; po = 2.17; vw = 26.939 
18.016; p, 1.00; 2, = 18.016 


the extreme values for p(0) and p(/) are, for a depth of 1000 meters, 


(0) = 1.01809 
p(h) = 1.01571 


again with a difference clearly insigrificant. 

Hence, it may be generally concluded that, except at very low tempera- 
tures or on a planet or star with a considerably higher gravitational constant, 
gravity cannot produce any appreciable variation with depth in the composi- 
tion of a fluid mixture. It is possible, however, that in a centrifuge effective 
gravity constants may be obtained such as to make the effect observable.* 

Finally, we shall outline the method of treating binary mixtures of com- 
pressible fluids. We note that equation (13’) implicitly gives the distribution 
function, in the general case, except for the constants c;. For the binary 
case, these constants may be determined as follows: 

We know that at z=0, p= .W/g+ o where M is the total mass of the liquid 
in the column of height, #, and unit cross section; also, at z=h, p=po. We 
therefore have 


* This possibility was kindly suggested to us by Dr. A. G. Loomis of this laboratory. 
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N,(O) = cye*/ obi Motm); = ¢oe~*/0b2(Mo+m) \ 


n(0) 
(39) 
’y(h) = cye7 Ror (po) /otwih) fix(h) = Coem *lb2( py) /otweah) | { 
As #,(0) + #.(0) = 1 and #,(h) + m(h) = 1, c and ce can be expressed 
directly in terms of the known constants of the mixture, if we put into 
the above expressions the proper forms of the functions };(p) and b2(). 
We next determine the pressure, p, by the relation; 


Cye VETO) 4 Ege veto) = 1, (40) 


When it is difficult to obtain an algebraic solution of this equation, for 
p=p(z), a graphical solution will always be possible. When p(z) is known, it 
may be put back into (13’), and we shall then have the desired solution to 
the problem, namely, the mol-fractions #; as a function of z. The individual 


molar concentrations, ”;, are then given by the general relation, already 
used in Eq. (20): 


nj 


ad Tels — eal (41) 
Line; 
i 


With the aid of these formulae, #;(z) and n,;(z) may be determined for 
any particular case of a binary mixture of compressible fluids. Of course, 
the mixture of incompressible fluids is a special case of these, but the pre- 
vious development has been given as it illustrates more clearly the general 
problem of the incompressible fluids. 

The writer is indebted to Dr. P. D. Foote and Mr. W. O. Smith for sug- 
gesting this problem and to Drs. A. E. Ruark and L. Shereshefskey for the 
opportunity of discussing the problem with them. 
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ABSTRACT 


Coefficient of recombination of ions produced by x-rays as a function of the 
age and initial concentration of the ions. Measurement of the coetticient of recom- 
bination of ions in air and oxygen has been continued, with an improved form of the 
apparatus previously described by L. C. Marshall. Marshall's results in air have 
been checked, showing a sharp initial drop in the coefficient @ for short time intervals 
ascribed to initial non-random distribution of the ions. Further measurements at 
longer time intervals have been made, using a new system of calculation whereby a@ 
is found as a function of 7, the age of the ions, rather than f¢, the total time of recom- 
bination. In this case a@ does not drop to a constant value of about 0.8 to 0.9X 10~6 as 
indicated by Marshall's results, but continues to drop off to values of 0.5 to 0.6 X 10~* 
after the ions have aged for one second, and 0.3 to 0.4X 10-6 after two seconds. This is 
for a high initial concentration of ions of about 3.5 10° ions per cm*. With an initial 
concentration of 1.55 10° ions per cm’, a drops only to 1.15X10~ after a time of one 
second. In pure oxygen the values of @ are in general higher than the corresponding 
ones for air, although they become equal at low inital concentrations. 

Interpretation of results and the absolute value of the coefficient in air. The 
results may be explained by assuming that heavy slow-moving ions are formed in 
increasing amounts as time goes on by reaction with impurities present. The faster 
ions are constantly being removed at a high rate by recombination, leaving the slow 
ions behind with a resulting increasingly low coefficient of recombination. It is possible 
that the ionizing agent produces nitric oxides, O; or H2O2, which load up the ions. 
It is impossible to set accurately an absolute value of @ in air, due to two disturbing 
factors: initial non-random distribution producing abnormally high values of @ at 
short time intervals, and the loading up of the ions with impurities producing abnor- 
mally low values of @ at long time intervals. At a time where these two factors have 
a minimum effect @ has the value 1.4 +0.1 107°, which is set as the closest approxi- 
mation to an absolute value. 


INTRODUCTION 


ECENTLY in this laboratory L. C. Marshall' measured the coefticient 

of recombination of ions in air and argon using a new direct method with 
X-rays as a source of ionization. His results showed that the coefficient a 
given by the equation dn/dt = —an? is not a constant as has generally been 
supposed with a value about 1.610~° for air but is a function of three fac- 
tors: (1) the time of x-ray exposure ¢’; (2) the initial ion concentration 1; 
(3) the time of recombination ¢. He found that a dropped from a value of 
4.0X10~-* at short times of recombination to an apparent nearly constant 
value of about 0.8 or 0.9 10-* at time intervals of about one second. Also, 
the value of a was in general higher for short times of x-ray exposure and small 


'L. C. Marshall, Phys. Rev. 34, 618 (1929). 
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initial concentrations of ions. The high values at short time intervals were 
shown by experiment and also by the theory of Loeb and Marshall?“ to be 
due to the initial non-random distribution of the ions which results from their 
formation in pairs along a B-ray track. The theory indicates that after a 
time interval of about 2.25 X10-* seconds, the value of a should become con- 
stant since by that time the ions would attain random distribution due to 
their heat motions. 

The work has been continued by the writer in air and oxygen with essen- 
tially the same apparatus as that used by Marshall, although with impor- 
tant improvements in some details and particularly using a new method of 
measurement and calculation. These results show that the value of a does 
not become constant after a short time as indicated by Marshall's results 
but continues to fall off quite rapidly as the ions become older. This leads to 
important conclusions concerning the nature of gaseous ions. 
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Fig. 1. Diagram of apparatus. 


METHOD OF MEASUREMENT 


The apparatus and system of measurement has previously been described 
by Marshall.'! The essential features are shown in Fig. 1. D.C. potential is 
applied to the Coolidge x-ray tube by means of a transformer, kenotrons 
and filter system not shown in the diagram. The x-rays pass through a solid 
brass rotating disk which has a variable sector from 0° to 90° cut in it, thus 
producing a flash in the metal ionization chamber. The beam of x-rays is 
defined by three lead slits and passes through almost two meters of air and 
an aluminum window before reaching the chamber. The beam is thus sharply 
defined and nearly homogeneous. The shaft carrying the sector also carries 
an adjustable commutator by which potentials of 1000 to 10,000 volts may 


2 L. B. Loeb and L. C. Marshall, Jour. Franklin Inst. 207, 371 (1929). 
+L. B. Loeb, Trans. Am. Electrochem Soc. LV, 131 (1929). 
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be applied to the lower plate of the chamber. The high field almost instantly 
sweeps all the ions of one sign to the upper plate at any desired time after 
the x-ray beam has been cut off by the brass disk. The lower plate is also 
connected to ground through a one-half megohm resistance so that its po- 
tential becomes zero immediately after the brush breaks contact with the 
commutator segment. 

Since the upper plate must also be kept at zero potential during the flash 
time and time of recombination, a neutralizing mechanism is used to prevent 
a charge from building up on the plate and electrometer system as a result 
of the repeated flashes of x-rays. For this the alternate system described by 
Marshall is used. A current of opposite sign to that collected on the upper 
plate of the chamber is forced through the high resistance leak R by means of 
a voltage applied from a potentiometer. Thus, when the electrometer de- 
flection is zero, the two currents are neutralizing each other and the voltage 
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Fig. 2. lonization chamber. 


read directly from the potentiometer will be proportional to the ionic current. 

It may be noted that difficulty was encountered in constructing a high 
resistance leak of the order of 10!° ohms which would remain constant over 
a period of several hours. Experiment showed that an India ink line drawn 
on typing paper and enclosed in an airtight vessel containing a small amount 
of P.O; to remove the moisture, was satisfactory. Such a leak exhibits no 
polarization and stays constant well within 0.5 percent. 

The only major change made in the apparatus used by Marshall was the 
substitution of a new ionization chamber allowing much greater volume of 
ionization (See Fig. 2). It consists of rectangular brass plates in a heavy brass 
box fitted with aluminum windows through which the x-ray beam passes. 
An important feature of the chamber is the plate glass cover to which the up- 
per plate and guard ring are attached by means of amber insulators. The 
cover is sealed on by means of stopcock grease, a double seal with a groove 
between being employed to prevent the diffusion of stopcock grease vapor 
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into the chamber. The stopcock grease is employed only. in the outer seal, 
all excess grease being forced either outside or into the groove. The total 
volume of ionization is 1520 cm* compared to 63 cm’ in Marshall's apparatus. 
The advantages of this large volume are: (1) the ionic currents are much 
larger and can be measured more accurately; (2) the volume can be deter- 
mined more accurately and diffusion plays a smaller though still appreciable 
role. In this connection it may be noted that the x-ray beam extends well 
beyond the sides of the plates; so that only diffusion toward the plates must 
be considered; not that toward the sides or ends. 

The air and oxygen used in the ionization chamber were purified accord- 
ing to standard technique, all dust, moisture, CO, and organic vapors being 
removed by passage through glass wool, CaCle, sodium calcium hydrate, 
P,O;, and two liquid air traps. Special care was taken to remove organic 
substances by cleaning the metal chamber thoroughly with cleaning solu- 
tion. 


In calculating @ the integrated form of the well-known equation, 

dn : (1) 
—a = os 
dt 


is used, where » is the number of ions of either sign per cm*®. Integration 


gives: 
1/1 1 
-i¢-3 2 
t\n No 


where ¢ is the time of recombination, m» is the number of ions per cm’ at t=0 


and » is the number of ions left after time ¢. Inserting the experimental con- 
stants Eq. (2) becomes: 


1.59 X 10°"RNV 1/1 1 
eee or 


€ t\r ro 





where R is the value of the high resistance leak in ohms, N is the number of 
revolutions per second of the commutator, V is the volume of ionization, «€ 
is the e.m.f. of the neutralizing potentiometer battery in volts, and r and 7 
are the direct potentiometer readings at the time ‘=/ and ‘=0 respectively. 

In the method of calculation one important change is made from that 
used by Marshall who measured m the number of ions at the instant the x-ray 
flash was cut off, then the number left after varying time intervals ¢. 
a was calculated between these two limits thus giving an average value over 
the whole time of recombination. In the present work values of mo, m1, m2, 

- are measured at short intervals of time 0, 4, 4, ---. Then @ may 


be calculated between any two of these intervals. That is, Eq. (2) becomes 
of the form: 
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This allows a to be studied as a function of the age of the ions rather than as a 
function of the time of recombination after the x-rays are cut off. Setting 7 
as the average age of the ions over any period of recombination f,—¢, and 


assuming T=0 at /=0 we have: 
r=t,+——- (5) 


If ¢,—¢, is a short time interval compared to the maximum time allowable 
at any particular commutator speed, 7 is a fairly accurate measure of the age 
of the ions and the variation of a@ with 7 can be studied. 


RESULTS 
The first series of runs were taken as a check on Marshall's work and show 
results similar to his, a being plotted as a function of ¢ the time of recombina- 
tion (see Fig. 3). Each succeeding run was taken with the commutator speed 
one-half that of the previous run. These show the sharp initial drop due to 
the non random distribution of the ions with the apparent flattening out of 
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Fig. 3. kirst sia runs corrected for diffusion. 


the curves at longer time intervals. The final value at one second is about 
1.03 X 10-® compared to Marshall's value of 0.9X10~-*. This is due to a very 
short time of exposure (0.01562 seconds which was kept constant through- 
out the series of runs by narrowing the sector) and a resulting low initial 
concentration of the ions. The matter of initial concentration is important 
even at long time intervals as will be seen later. 

All later runs were taken by measuring at short intervals of time thus 
making it possible to calculate @ as a function of 7 the age of the ions, as well 
as a function of ¢ the time of recombination. All the curves (Fig. 5) show with- 
out exception a continued drop in @ up to a time of two seconds, the maxi- 
mum time which could be studied. At the end of these long time intervals 
a still shows no indication of becoming constant although the slope of the 
curves gradually decreases. 
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Fig. 4 shows a comparison for one particular run of the two methods of 
calculating a. In the upper curve, a is plotted as a function of the time of 
recombination, in the lower curve as a function of 7 the age of the ions. In the 
lower curve a drops more sharply than in the upper. In other words, Mar- 
shall’s results gave an average high value of a rather than the true value 
at any particular time. However, on the magnified scale of Fig. 4, @ still drops 
quite sharply even with Marshall’s method of calculating, while it appeared 
to be nearly constant on the scale used in Fig. 3. 

Values of a calculated as a function of 7 do not lie as close to a smooth 
curve as those calculated as a function of ¢t. (See Fig. 4). This is because 
a is obtained for comparatively small differences in the potentiometer read- 
ings, especially at the later time intervals when the concentration of ions 
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Fig. 4. Comparison of two methods of calculating a. 


Yas become small and very little recombination takes place. Thus small 
errors in the potentiometer readings may result in large errors in the cal- 
culated values of a. However, the points show a definite trend in every case. 
This is more important than the absolute values since a final definite value 
of a does not seem to exist. 

Fig. 5 shows the complete results for all the runs taken over the longer 
time intervals in air and oxygen. a is plotted against T, the age of the ions, 
and the curves are all averages of values taken from two or more runs which 
may vary by considerable amounts due to an overcorrection for diffusion at 
the longer time intervals which will be discussed later. The dotted lines show 
the results in oxygen and the full lines those for air. 

Curve I is a run taken with the commutator revolving at the rate of two 
revolutions per second; curve II, one revolution per second; curve III 0.5 
revolutions per second; curve IV 0.25 revolutions per second; all at rather 
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high intial ion concentrations varying from 2.5 to 3.5X10° ions per cm‘. 
Curve V is taken in air at 0.5 revolutions per second corresponding to curve 
III, only in this case the initial concentration was reduced to 1.55 X 10° ions 
per cm* compared to 3.5 X 10° for curve III. Ascan be seen, the values of a for 
the low concentration are much higher than those for high concentration 
although the slope of the curve is approximately the same in each case. 

Curves VI, VII and VIII are those for pure oxygen; V1 corresponding to 
III for air, VII corresponding to V and VIII corresponding to IV. Curve 
VI is much higher than the corresponding curve III for air at the same ini- 
tial concentration. For low concentrations the oxygen and air curves (V 
and VII) are approximately the same although the points do not fall on a 
smooth curve due to the extreme difficulty of measuring the coefficient ac- 
curately at these low concentrations. The trend is very definite however, 










— ovr 


—---o1y9ger 














i . —- — ; 
ra] Q2 04 0.6 Qe 40 42 14 46 48 20 


7T seed 


Fig. 5. Complete results for all runs taken over the longer time interval in air and oxygen. 


and shows the slope to be about the same as for the curves taken at higher 
concentrations. Curve VIII for the longest time intervals in oxygen is only 
slightly higher than the corresponding curve IV for air although there is a 
distinct difference. 

One question which must be considered in connection with these results 
is the correction for diffusion. Two types of runs were made: one with the 
beam of x-rays grazing though not touching the plates; so that the whole 
volume between the plates was ionized; and another with the beam about 
one centimeter from the plates. In general if no diffusion correction is made, 
the values of a obtained in each case are nearly the same. If, however, correc- 
tion is made for diffusion, the values are higher when the beam is one centi- 
meter from the plates, especially at the longer time intervals. This results 
from the fact that the correction is in the opposite direction in the two cases. 
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For the case when the beam grazes the plates, a certain number of ions 
diffuse to the plates during the time of recombination and are thereby 
lost. This loss is in addition to the loss due to recombination. The number 
lost by diffusion may be calculated, and this number then added to the meas- 
ured value , at the time ¢, to give the true value due to recombination alone. 
The number diffusing to the plates in time ¢,—1/, is given by 





rae — — 4Dt, 1/2 = 4Dt, 1/2 
2n,A[ (Ax), — (Ax),] where (Ax), = ( ) and (Ax), = (—) 
Tv 


T 


n is the number of ions per cm® of either sign, A is the area of each plate, 
Ax is the average distance an ion diffuses in the time ¢ derived from the 
Brownian movement equation,” and D is the coefficient of diffusion having 
a value about 0.047. The number 


[ (= ‘) uss (— ‘) / ] 
2n,A _ 
7 T 


being added to the measured value of m, serves to reduce the uncorrected 
value of a@ by as much as ten percent. 

Marshall has derived a rather complicated equation for the case when 
the beam is some distance from the plates but this is not readily applicable 
when a is calculated as a function of t rather than ¢. In this paper therefore, 
a correction is made assuming a swelling of the volume of ionization due to 
diffusion which gives approximately the same results as Marshall’s equation. 
In calculating @ at any time 7 the volume is assumed to be: 








_ Dr\'"? 
V = Vo + 2A(Ax), = Vot+ 14(—) . 
T 
Since V occurs in the numerator of Eq. (3) this increases the value of a over 
that calculated without the diffusion correction. 

From the fact that the diffusion correction throws the values of a as much 
as twenty percent apart at the longest time intervals there is apparently an 
overcorrection for this effect in the equations and values used. This would 
follow if the coefficient of diffusion becomes less for the ions remaining after 
long time intervals. Other factors may further reduce the actual rate of 
diffusion, but from a kinetic theory standpoint a correction like that indi- 
cated is necessary. As it does not seem justifiable to omit the correction, 
all the results are calculated in this manner and the average of the two types 
of runs is taken in plotting the curves in Fig. 5. The absolute value of a 
in the curves may be too high or too low by several percent especially for 
large values of 7 since the correction for the case when the beam is one centi- 
meter from the plates is greater than for the case when the beam is grazing 
the plates. However, the important fact remains that in every case, no 
matter whether a diffusion correction is made or not, the value of a still 
drops off continuously with the aging of the ions. 
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SUMMARY OF RESULTS AND CONCLUSIONS 


From the curves in Fig. 5 the behavior of a may be summed up as follows: 


(1) ais not a constant as has always been supposed, but beyond the sharp 
initial drop due to the non-random distribution of the ions, the curves con- 
tinue to drop indefinitely as the ions age. At the end of one second the value 
of a is 0.5 to 0.6 X 10-8; at the end of two seconds, 0.3 to 0.4X10~°. 

(2) The lower the initial concentration of ions, the higher the value of 
« after random distribution has been attained. The value for an initial con- 
centration of 1.55 10° ions per cm* drops to about 1.15 X10~¢ at the end of 
a second compared to about 0.6X10-* when the initial concentration is 
3.5 X 108 ions per cm’. However, the slope of the curves is about the same in 
each case. 

(3) The values of @ in pure oxygen are in general higher than the corres- 
ponding ones in air although they become equal when the initial concentra- 
tion of the ions is small. The slope of the curves is still the same indicating 
that the same type of aging effect is taking place. 

At first glance it would seem impossible to explain these results by any 
reasonable assumption. /lowever, the whole situation becomes clear at once if 
it is supposed that as time goes on some of the ions form clusters with the impuri- 
ties present. 

Although special care was taken to remove organic vapors such as ether, 
alcohol, stopcock grease, etc., which are known to affect the nature of the 
ion, the number of these heavy molecules present was probably comparable 
to the number of ions. In addition, water vapor may be present coming from 
the walls of the metal chamber and there is the possibility that the intense 
hard x-rays form small quantities of nitric oxides, O3; or H2,O2. Any of these 
impurities might form large ion clusters in increasing quantity during the 
time of measurement. The method is particularly sensitive to impurities as 
the small, fast moving ions are removed first by recombination leaving the 
heavier ions as time goes on. Hence a drops continuously. 

The supposition that impurities formed by the x-rays form clusters is in 
agreement with the work of Tyndall, Grindley and Sheppard,‘ also that of 
Erikson.» Erikson showed definitely that the presence of 8-rays from radium 
emanation tubes formed impurities which hastened the aging of the ions so 
that clusters formed in about 0.001 second. Passage of the gas through a 
metal ionization chamber which had not been thoroughly cleaned also hast- 
ened the aging although to a lesser degree. If neither the 6-rays or metal 
ionization chamber were present there was no appreciable aging effect up to 
0.1 second. 

Since measurements of the coefficient of recombination in pure oxygen 
give in general higher values than in air, it would seem that the extremely 
low values in air are due in part to nitric oxides. The fact that low initial 
ion concentrations give higher values of a than high initial concentrations is 


* Tyndall, Grindley and Sheppard, Proc. Roy. Soc. A121, 125 (1928). 
°H. A. Erikson, Phys. Rev. 34, 635 (1929). 




















— 











RECOMBINATION OF IONS 1403 


further evidence that clusters of some sort are forming and that the more 
intense the ionizing agent the more impurities there are present to retard 
recombination. 

It has always been a moot question as to the true nature of ions in gases 
of normal purity such as are used in this experiment. Practically the only 
evidence on this subject is from mobility measurements. Erikson’s well- 
known aging of the positive ions gives an indication of clustering and Loeb’s 
measurements in mixtures show definitely that clustering occurs in some 
gases. Apparently in other gases the ions may consist of single molecules or 
at any rate small aggregates. However, the evidence from mobility measure- 
ments is incomplete in two respects: first because the measurements are 
generally made within a time interval of less than one tenth of a second after 
the ions are formed, and second because the mass factor is an unimportant 
one in mobility; i.e., the mobility is decreased very little by a considerable 
increase of mass. 

The coefficient of recombination measurements are more reliable since in 
this case the ions can be studied up to time intervals of two seconds after 
they have had a chance to collide with all kinds of impurities and the faster 
ions have been weeded out by recombination. In addition, the mass factor is 
much more important than in mobility or diffusion. On J. J. Thomson’s® 
theory of recombination which Loeb and Marshall? have shown to be a cor- 
rect approach to the problem, @ is proportional to the velocity of thermal 
agitation of the ions. The velocity of thermal agitation is in turn inversely 
proportional to the square root of the mass. The better of two equations as 
given by Loeb and Marshall after inserting the various constants turns out 


to be: 
273\3/77 1\'/2 
a=1.9X 10-({=") () € 
T M 


where T is the absolute temperature, M is the molecular weight of the ions, 
and ¢ is the probability that recombination will occur if the ions approach 
each other within a defined distance d. For the case of air or oxygen at room 
temperature and 760 mm pressure the theory gives € a value of about 0.9 
which, however, may be too high. J is about 295° so that the equation re- 


duces to: 
1 1/2 
a= 1.51 X 10-(—) : 
M 


If a has a value of 0.4X10-* which is the lowest observed in this work, 
it turns out that ./ the molecular weight of the ions is about 1400. This seems 
unreasonably high but is not inconceivable if there were a large cluster of 
heavy molecules. The equation, however, is correct only to the roughest 
approximation and probably gives high values of a. As a result, the mass, 
which varies inversely as the square of a may be much less than 1400. 


6 J. J. Thomson, Conduction of Electricity through Gases, II] Edition, Cambridge 1928. 
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The only conclusion which can safely be drawn is that little is actually 
known concerning the nature of gaseous ions, but that in gases of normal 
purity that are ordinarily used in gas ion work, clusters of large mass are 
formed, due probably to the effect of the ionizing agent. The process of clus- 
ter formation and weeding out of the faster ions by recombination continues 
for at least two seconds after the ions are formed. The exact nature and true 
mass of these clusters cannot be accurately determined owing to the lack of 
a completely satisfactory theory. 

The absolute value of a in air. It appears to be of considerable interest to 
know the absolute value of @ in air for use in numerous calculations. It 
is evident from the results in this paper that there are two factors which make 
it impossible to set an accurate absolute value. The first factor is the initial 
non-random distribution of the ions which produces very high apparent 
values of @ at short time intervals and the second is the loading up of the ions 
with impurities and selective recombination which produces abnormally 
low values of a at long time intervals. Probably the closest approach to an 
absolute value is at a time when the ions have nearly attained random dis- 
tribution but clustering and elimination of the faster ions has not yet played 
a major role. In other words, a point must be chosen on the curves in Fig. 
3 where the sharp drop in a ends and the more gradual steady drop due to 
clustering begins. Such a point appears to lie between 0.05 and 0.1 seconds 
where the value of @ is 1.4+0.1X10°%. This is not much different from the 
commonly accepted value of 1.5 or 1.6X10°° which has been determined by 
earlier investigators under conditions where, in general, these important 
disturbing factors have not been detected, or at any rate not clearly differ- 
entiated. The value of 1.4X10°° for air may then be used with some degree 
of confidence under conditions where the ions have attained random distribu- 
tion but have not aged more than one-tenth of a second. 

In conclusion, the writer wishes to express his appreciation to Dr. Mar- 
shall who designed and constructed the fundamental parts of the apparatus; 
to Mr. G. P. Kraus of the shop who accomplished a difficult piece of work in 
building the ionization chamber; and to Mr. N. E. Bradbury who assisted 
in taking some of the later readings. Particularly, the writer wishes to thank 
Professor Loeb for his unfailing interest in the work and for his suggested 
explanation of the experimental results. 

At present, the measurements are being continued in other gases, partic- 
ularly argon and hydrogen. 
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Reflection of Positive Ions by Crystals 


Further experiments on the retlection of 
hydrogen positive rays from crystals similar 
to those described in The Physical Review for 
December 1, 1929 have shown that the phe- 
nomenon is more complex than might have 
been expectesl. More than a hundred photo- 
graphs showing reflected 
obtained under various conditions, and show 


rays have been 
Great differences 
have been found in the reflecting powers of 


several features of interest. 


different samples of calcite. Two were found 
that gave strong reflected rays when the 
glancing angle was less than two degrees. The 
images obtained on Schumann plates placed 
at right angles to the beam may be properly 
termed retlection patterns, as they show con- 
siderable complexity, vary in a regular man- 
ner with the angle of incidence, and can be 
reproduced at will with the same setting of the 
crystal and speed of the rays. 
calcite crystals gave reflection patterns con- 
taining fewer lines or lines on a fogged back- 
ground. 
with a diamond which was kindly loaned by 
Dr. D. Cooksey. A natural cleavage face of 
this diamond had been used in experiments on 
the reflection of gamma-rays. A_ highly 
polished face gave indistinct patterns on a 


Six other 


Retlected rays were also observed 


fogged background. Clear lines were obtained 
from two other faces, one of which was the 
natural cleavage face, and the other a face 
that had been cut and appeared rough due to 
the saw marks. No reflected rays were found 
in a few trials with rock-salt galena and 
magnetite. 

The strongest parts of the patterns are 
produced by rays that have energies corre- 
sponding to more than six thousand volts 
Slower rays may be present in the original 
bundle, as shown by a positive ray analysis, 
but they are not reflected as strongly as the 


faster rays. With a low potential on the dis- 
charge tube, the retlection pattern lacks cer- 
tain of the parts that appear with high 
potentials. A positive-ray analysis of the ions 
reflected from one of the calcite crystals 
showed that in addition to the hydrogen 
atoms previously reported, all the positive 
ions in the original bundle are present in the 
reilection patterns, viz.: hydrogen molecules, 
and heavier 
With 
the present resolution the various ions are 
superimposed in the streaks or lines formed by 
the refected rays of various velocities. 


triatomic hydrogen molecules 
ions that are probably oxygen atoms. 


The dependence of the angle of deviation by 
the crystal on the energy of an ion rules out 
the possibility of ascribing the retlection to the 
deviation of particles by electrostatic forces 
which would require the reflected rays of 
various velocities to lie ina plane and to have 
angles of deviation inversely proportional to 
the energies of the particles. In most cases the 
reflected rays of different velocities do not lie 
in planes as they give curved images on the 
plate and in the cases where a straight line is 
formed the deviation is not inversely pro- 
portional to the energy but is a linear function 
of the reciprocal of the velocity. Charges 
would not be expected to accumulate on the 
crystal because of the secondary electrons 
liberated by the bombardment of metal parts 
near it and its uncharged condition is shown 
by the fact that those rays which just pass 
over the crystal without hitting it are unde- 
flected. The small penetration of ions into 
matter as compared with electrons of the 
same equivalent wave-length suggests that 
energy changes at the surface or inside the 
crystal will have to be taken into account ina 
complete theory. The important factor in de- 
termining the angles may be a quantity 
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analogous to a refractive index which would 
depend on the energy of the ion and its 
alterations. 

Small changes in the angle at which the 
incident rays hit the crystal produce a regu- 
lar series of changes in the directions of the 
detlected rays. At nearly grazing incidence on 
one of the calcite crystals with the rays 
parallel to an edge of the cleavage rhomb 
there was a fan-shaped arrangement of the re- 
flected rays in eight or more radial lines of 
different intensities. As the angle was made 
steeper the lines formed by the retlected rays 
of various velocities shifted towards the 
normal to the crystal surface and became 
curved the intensities altered and new curved 
lines appeared at the sides making the pat- 
terns more complex and more symmetrical. 
This change was produced by an increase of 
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only one degree. With a second calcite crystal 
which was turned so that at grazing inci- 
dence the rays made an angle of about fifteen 
degrees with an edge of the cleavage rhomb 
clear patterns were obtained which had an 
unsymmetrical character. These patterns as 
well as those from the diamond also changed 
in a regular manner with small increases in the 
angle of incidence. The dependence of the 
angles of reflection on the angle of incidence 
and on the velocity of the rays suggests very 
strongly that a theory of the phenomenon will 
have to contain other elements besides parti- 
cles and the forces exerted on them by electric 
and magnetic fields. 
A. J. DEMPSTER 


University of Chicago 
April, 1930. 


High-Voltage Tubes 


We have found that the internal shattering 
and puncturing of Pyrex high voltage tubes of 
the cascade type described in the Physical 
Review of January 1 is entirely eliminated if 
the glass is “heat-worked” throughout. Since 
last autumn we have been using tubes made 
by blowing a series of “bubbles” which com- 
prise the cascade sections at proper intervals 
along a piece of Pyrex tubing using a glass 
lathe for holding the work. In other respects 
the tube construction and shielding have been 
similar to that previously described except 
that tungsten instead of wax seals were used 
and the electrodes were shorter. Shattering 
and puncture finally occurred with most of 
our tubes in the necks between bulbs (“bub- 
bles”) although such tubes were operated to 
over 1600 kilovolts by careful “seasoning” and 
by short-circuiting sections which shattered 
before these had progressed to actual punc- 
ture. It was then found that if the glass tubing 
was first worked at all points (by heating and 
alternately blowing and contracting as in 
working a glass seal or joint) and then formed 
into bubbles and necks and the electrodes 
assembled no shattering took place when the 
tube was used. In two months of very severe 
tests on a series of such “heat-worked” tubes 
we have not been able to produce any shatter- 
ing or puncturing with our Tesla coil voltages. 
One such tube of 14 sections, 135 cm overall, 
was operated up to 1950 kolovolts (at about 
one spark per second) where gassing set in 
due to slightly contaminated electrodes. This 


type of limitation by gas is the only one we 
experience with these tubes and our vacuum 
technique can be improved considerably when 
higher voltages are desired. An ionization- 
gauge near the pumps usually reads about 
10-5 mm Hg equivalent air-pressure. We find 
that every tube which is assembled using 
reasonable precautions against contamination 
expecially by water-vapor, can be relied on to 
go to voltages of 1,000 to 2,000 kilovolts, de- 
pending on the number of sections, the 
ground-point, and the success in avoiding 
contamination, which usually shows up as a 
discoloration of the out-gassed electrodes. 
These tubes have been operated as high as 
1500 kilovolts without a potentiometer, that 
is, with all except the end-electrodes electri- 
cally floating. We made the accidental dis- 
covery on several occasions that some of our 
potentiometer units had been broken while we 
were running a tube, without our knowing of 
their failure until afterwards, no trouble 
having been noted with the tube. When all of 
the potentiometer units were removed, the 
tube still operated without severe flashing, 
although the voltage-distribution was obvi- 
ously very non-uniform. Brasch and Lange 
(Naturwiss. January 3, 1930) have already re- 
ported the successful operation of a somewhat 
similar “floating-electrode” tube. Whether or 
not a filament is used in a tube makes no 
detectable difference in its behavior or flash- 
ing, at least up to 1500 kilovolts at one spark 
per second, nor has any effect of the filament 
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been noted with 120 sparks per second up to 
800 kilovolts, which voltage has happened to 
be the maximum available with 60-cycle ex- 
citation of the condenser at the time of these 
tests, due to temporary power-limitations. 
We are now using tubes of 12 sections 
placed inside of a Tesla coil 6 inches in 
diameter and 38 inches long, each electrode 
being connected to a tap on the winding of the 
coil. The coil itself shields the tube from 
ground, and distributes the voltage. A tube of 
this type, with one end grounded, has been 
operated to 1900 kilovolts at one spark per 
second, and to 1600 kilovolts at 120 sparks 
per second, at which voltage the tube oper- 


ated perfectly; primary power was again the 
limitation. Insulation difficulties are also 
serious at these voltages above ground. Ex- 
periments are in progress on direct measure- 
ments of the output from these tubes of the 
expected radiations and “rays” of radioactive 
energy-equivalents, the results of which we 
hope to report shortly. 

M. A. TuvE 

L. R. HAFsSTAD 

O. DAHL 


Department of Terrestrial Magnetism, 
Carnegie Institution of Washington, 
May 6, 1930. 


Photoelectric Effect and the J Phenomenon 


In the issue of the Physical Review for 
May 1, 1930, appears a paper by E. Marx 
describing “A new photoelectric effect in 
alkali cells” wherein that author investigates 
changes produced in the limiting potential 
acquired by an insulated alkali electrode, by 
varying the composition of the incident radi- 
ation. Although these experiments constitute 
the first systematic study of the phenomenon 
in the optical region, an analogous investiga- 
tion was carried out with x-rays some years 
ago by C. G. Barkla. I quote from one of the 
latter’s notices (Nature, March 27, 1926, 
p. 448)—“The ionization produced by a 
heterogeneous beam of x-rays in a gas, or the 
electronic emission from a_ metal plate, 
(measured by ionization outside the plate) 
may be abruptly and enormously increased 
either by (a) superposing on that beam a very 
feeble radiation of slightly shorter wave- 
lengths, or (b) by taking away from the com- 
plex radiation a very small amount of the 
radiation of longer wave-lengths, as by filter- 
ing; that is, either by adding higher fre- 
quency radiations to or eliminating lower 
frequency radiations from the beam, the same 
effect is produced; namely, a sudden large 
increase in the ionization. The magnitude of a 
sudden increase may be from 100 to 150 per- 
cent of the original magnitude. This is the 
J ionization produced by the J photoelectric 
emission accompanying the J absorption.” 

Since the independent variable (composi- 
tion of the incident radiation) is the same for 
both cases, they deal presumably with the 
same effect, and it should be legitimate to 
compare the results, although an extrapola- 
tion from the optical to the x-ray region must 
be made with caution. This comparison is 


difficult, since it is unlikely that the experi- 
mental arrangements were the same for both. 
In Marx’s work, the alkali electrode was in- 
sulated, and the removal of some of the red 
from an incident beam of white light caused 
an increase in the limiting potential acquired. 
On the other hand, in Barkla’s experiment, 
the photoelectric plate was probably kept at a 
constant potential, and he observed that the 
removal of some of the long wave-length radi- 
ations from the beam of x-rays caused an 
increase in the ionization due to photoelec- 
trons. Barkla interprets his result as a mani- 
festation of some unexplained interaction 
between the component radiations in the 
incident beam, which causes a fundamental 
change in the amount or in the nature of the 
photoelectric emission. This is not necessarily 
inconsistent with the experiments of Marx, 
but it is not one of the assumptions of the 
tentative theory which he offers. Other 
possible suppositions as to Barkla’s experi- 
mental arrangement lead also to conclusions 
which are at variance with the theory of Marx. 
At present all that can be deduced is that the 
four items (a) the experiments, (b) the theory 
of Marx, (c) the experiments, (d) the theory 
of Barkla, are not consistent. 

I am not aware that Barkla’s observation 
has ever been verified. It is possible that a 
series of varied experiments of this nature 
might throw some light on the elusive J 
phenomenon. 

Tuomas H. OsGoop 


Department of Physics, 
University of Pittsburgh, 
Pittsburgh, Pennsylvania, 
May 15, 1930. 
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The Origin of O" 


In the Physical Review of April 1) Harkins 
and Schuh have considered the possibility of 
all the o' and 
atmosphere having been formed by close 


atoms in the earth’s crust 
collisions of alpha-particles with the nuclei of 
nitrogen atoms as revealed by the cloud 
tracks. Assuming that the ratio O'7:O" atoms 
is the same in the crust as in the atmosphere 
and that the known nitrogen and radium con- 
tents are uniformly distributed in the crust 
they estimate that the necessary lapse of time 
would have been about 10'S years which is an 
impossibly great age for the earth. 

At about the same time the writer made 
(Minnesota Technolog 10, 240 (1930)) a simi- 
lar calculation for the atmosphere alone by 
using its known radon content of 107'° curie 
19" 
years required. Since this also represents an 


per cubic meter. The result is about 
apparently excessive age one is inclined to 
seek auxiliary means of production. A former 
content of U-Ra-Rn higher than at present 
suggests itself but seems improbable as one 
would then expect to find higher Pb:U ratios 
than those actually found in nature. 

From Harkins and Schuh’s calculation it is 
evident that oxygen liberated from the crust 
would diminish the relative content of O' in 
the atmosphere. if instead of a 
uniform distribution of uranium and nitrogen 
in the crust 
form of high grade uranium ore and an en- 
hanced concentration of nitrogen in the ore 
the rate of O'" production would be increased. 
Hillebrand ((W. F. Hillebrand U. S. Geol. 
Survey Bull. 78, 43 (1891); Am. J. Sci. 40, 
384 (1890)) did find a striking association of 
nitrogen and uranium. Whether this could 
be a large sourceof O'? would of course depend 
This would be 


However 


we consider concentration in the 


on the size of such deposits. 
difficult to estimate and it appears unneces- 
sary to consider it further in this connection 
since the following simple considerations show 
it to be highly improbable that any important 
fraction of o'’ in the atmosphere can hive been 


generated on the earth either in the crust or 
in the atmosphere itself by alpha-ray bom- 
bardment. 

About 100,000 alpha-particles are required 
for each nuclear encounter with nitrogen. 
Therefore the ratio of He to O" generated 
would be 100,000 He:1 O'%. In the atmos- 
phere the actual ratio is about 1 He:5 OV, 
We can hardly conceive any natural process 
that would have 
500,900 fold in the ratio of the two gases. 

If we reverse the calculation and assume 


achieved a change of 


with Jeans (Jeans’ Dynamic Theory of Gases, 
1921, p. 345 6) no diffusion of helium away 
from the upper atmosphere then for 100,000 
He atoms there would be only one O' atoms 
of the assumed origin, or only about two 
millionths of the O' atoms actually found by 
the band spectrum method. 

As a matter of fact there are good reasons 
for believing that at least several fold as 
much helium jas diffused “out at the top” as 
now remains, since that many fold have been 
liberated into the atmosphere by erosion, etc. 
The writer would point out that Jeans’ denial 
of loss by diffusion is based wholly on thermal 
diffusion; whereas light gases like hydrogen 
and helium in the upper atmosphere can 
absorb radiation which upon conversion into 
translational energy would give them a ve- 
locity quite beyend that corresponding to 
thermal equilibrium with the surroundings 
and thus allow their escape. This process 
would therefore raise the O'7 ratio by lowering 
the helium. While it may have taken place to 
an extent several tines the present helium 
content of the atrosphere, it would be dith- 
cult to believe that it might have occurred to 
an extent of 500,000 fold, which would be 


Paschen-Back Effect on the Line Spectra of Solids 


In a workwhich we shall publish soon,' we 
have been able to assign a number of the lines 
of the spectrumof Gd*** inthe crystal GdCl,: 
6H,O to definite energy levels. 
have been fixed by studying the spectrum 
under various conditions, namely, observing 
how the lines shift their position with the 


These levels 





necessary to have established the present 
He:O" ratio. 
S.C. Linn 
School of Chemistry, 
University of Minnesota, 
May 9, 1930. 
temperature, observing their polarization, 


the corresponding lines of the crystal GdBrs- 


' Freed and Spedding, Nature 123, 525 
(1929). 

Freed and Spedding, Phys. Rev. 34, 

945 (1929). 
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6H,O, and the behavior of the spectrum in 
a magnetic field. 

The lines that are decomposed by a re- 
latively weak field invariably 
break up in two components which are equal 
in intensity and are symmetrically displaced 


magnetic 


fromthe positionof the original line. However, 
dissymmetries occur with stronger fields when 
the levels produced by the magnetic field ap- 
proach each other. Thedissymmetry in the in- 
tensities is especially pronounced. Some of the 
lines become much stronger while others be- 
come weaker, practically vanishing in some 
cases. Anumber of the linescoalesce and it has 
been found impossible to force any crossing 
with the maximum field at our disposal. 
This work was done with a crystal of 
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GdCl;:6H,O at room temperature. The dis- 
symmetries would undoubtedly have been 
different at other temperatures as the inter- 
vals between the energy levels are then dif- 
ferent? and consequently the intervals and the 
interactions between the magnetic 
would no longer be the same. 


levels 


Simon FREED 
FRANK H. SereppinG 
Chemical Laboratory, 

University of California, 

Berkeley, California 
May 17, 1930 

2 Freed and Spedding, Phys. Rev. 34, 

945 (1929), 
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BOOK REVIEWS 


Einfiihrung in die Geophysik, II, Erdmagnetismus und Polarlicht, Warme—und Temp- 
eraturverhialtnisse der Obersten Bodenschichten, Luftelektrizitét, von A. Nirro_pt, J. KERRA- 
NEN, E. SCHWEIDLER. Pp. 388, figs. 130. Julius Springer, Berlin, 1929. Price RM 35. (bound). 

The first part on the earth’s magnetism and aurorae and the third part on the electricity 
of the lower atmosphere treat the subjects in pretty much the same way as most other hand- 
books have done. Brief and adequate discussions are given of what is known about the per- 
manent magnetic field of the earth and its variations, of magnetic storms, of aurorae, of the 
earth’s electric charge, of the potential gradient, ionization and electric current in the lower 
atmosphere, and of thunderstorms and their electrical effects. The older theories of the 
phenomena are well presented with, in some cases, an appraisal of the successes and the 
shortcomings of the theories. The high atmosphere is hardly touched upon, there is almost no 
mention of wireless wave phenomena. The second part deals in detail with the temperature of the 
upper few feet of the surface of the land. Temperatures of the soil and of snow are given at 
various latitudes, on mountains, etc., for various hours of the day and seasons of the year. 
Some of the results are interpreted with the aid of the mathematics of heat conduction theory. 

E. O. HuLBurr. 


figs. 87. Julius Springer, Berlin, 1929. Price RM 19.80 (bound). 

“Distilled by the sun, kneaded by the moon,” swept by the winds, the sea swirls, upwells 
and drifts in great streams and small eddies. The investigation, both experimental and theore- 
tical, of these movements and of the causes which produce them, that is dynamical oceano- 
graphy. Hydrodynamics as developed by Lamb dealt for the most part with homogeneous 
fluids. It was V. Bjerkness, perhap, who laid the theoretical foundation of dynamical oceanog- 
raphy in his papers on the dynamics of heterogeneous fluids. 

In the volume under review are chapters on the statics and kinematics of the sea, the 
general dynamics of ocean currents, stationary currents in a stratified ocean, convection 
currents, ocean circulation, waves ands tides. A satisfying glimpse is given of the facts gathered 
by many expeditions on the sea. The mathematics are simple and are applied directly to the 
analysis of the water movements. Original references are given throughout. One could wish 
for an English translation of the treatise, for the subject deserves a wider attention in this 
country than it has received. 

E. O. HuLBurt 


Traité de Polarimetrie. GrorGes Brunat. Pp. xvi+448, 250 figs. Editions de la 
Revue d’Optique théoretique et Instrumentale, Paris, 1930. Price, 65 francs. 

The volume is limited to the study of the phenomena of rotatory polarization and the 
apparatus which serves to measure it. The first part of the book contains detailed discussion 
of apparatus and technique. The second part is on the phenomena of natural rotation, magne- 
tic rotation, and dispersion of rotation, including circular dichroism in the regions of absorption. 
This is a very useful handbook for all who have occasion to use the polariscope, whether for 
chemical analysis, or for the study of the phenomena of rotatory dispersion, circular dichroism, 
or magneto-optic rotation. The literature is made readily referable by the 882 references. 
The printing is good, but the binding is poor. 

J. VALASEK 


The Use of the Microscope. JoHN BELLING. Pp. xi+315, 28 figs. McGraw-Hill Book 
Company, New York, 1930. Price $4.00. 

The many common imperfections of microscope images are described, their causes are 
given, and the adjustment for optimum high-power microscopy are discussed. The intro- 
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ductory chapter is planned so that it summarizes the entire text in a form convenient for 
reference. At the end of the text is a list of 200 review questions and a glossary of microscope 
terms. Users of microscopes will find many useful suggestions in this volume. 

J. VALASEK 


Wien-Harms Handbuch der Experimental Physik. Vol. X. G. HorrmMan—Das Elektro- 
statische Feld. W. O. SchHumMANN—Hochspannungstechnik. Akdemische Verlagsgesellschaft 
m.b.H. Leipzig 1930. Price RM 55 (bound). 

G. HorrMann. Das Elektrostatische Feld. Pp. 345. 

Standard texts on electricity and magnetism consider electrostatics as an excuse for the 
introduction of some of the methods of mathematical physics. As a result little space is or- 
dinarily devoted to the experimental side of the subject. It is very refreshing to see in the 
present volume a detailed and adequate presentation of the many interesting phenomena 
connected with static electric fields and of the experimental methods employed in their study. 
A concise introduction including historical references, definitions of quantities and units, and the 
most important formulae for capacities constitutes the first section. This is followed by a de- 
scription and by the theory of instruments. Among these the electrometer is treated in particu- 
lar detail with definite information concerning the sensitivity and performance of various types. 
A chapter is devoted to methods of measurement. A general survey of the data on properties of 
dielectrics is accompanied by a brief description of the current theories and a discussion of the 
experimental methods used. The experimental facts about the temperature dependence of the 
dielectric constant and the results of the theory, phenomena of dielectric absorption, volta 
effect, pyro- and piezo-electricity, conduction through dielectrics are brought up to date. 

W.O. SCHUMANN. Hochspannungstechnik. Pp. 199. 

Essentially a survey of the main points in high voltage engineering. Few books on this 
subject being available at present this is a very welcome section of the Handbuch. It is of par- 
ticular interest to see the methods of German engineering practice. On account of the rapid 
development which took place since the completion of the manuscript much of the recent work 
has been referred to only in bibliographical addenda, and the volume is therefore already 
somewhat out of date. The presentation of the older developments is however very clear 
and contains the essential features of high voltage high power engineering. It is especially 
pleasing to see a discussion of the theory of dielectric breakdown both from the point of view of 
physics and of practical electrical engineering. 

Both sections are very well illustrated with photographs and diagrams. The index is good 
and even the spelling of American names is almost correct. 

G. BRe!1 


The Physics and Chemistry of Surfaces. Nei KENsINGTON ADAM. Pp. 332+. Figs. 45 
Oxford University Press, 114 5th Ave., New York, 1930. Price, bound, $6.00. 

For some time, surface tension has been considered as one of the most classical, and 
accordingly for many most uninteresting parts of physics. Now this field has, thanks mainly 
to the author of the above book, to Harkins and Langmuir, and to the investigations of heter- 
ogenous catalysis, developed into a flourishing branch which gives us many new results, up to 
now mostly concerning the properties of organic molecules and of crystal surfaces. This book 
is a very good account of this development, written with an eye on the chemist—even the 
industrial chemist. 

Starting with a short chapter on definitions, it deals in the second chapter with films of 
insoluble substances. Adam distinguishes four types corresponding to two-dimensional crystals, 
liquids, compressed gases (the latter two are not sharply separated) and rarefied gases. In the 
solid films, long chain compounds have their active groups immerged in water while the long 
chains stand out, closely packed, similar to the arrangement in bulk crystals (Chapter III). 
In the gaseous films, the molecules seem to lie flat. 

The next chapter deals with films of soluble substances and contains an interesting account 
of the nature of soap films. 

Then follows a chapter (V) on the result of surface tension measurements, while a critical 
survey of the experimental methods is given in chapter IX with sufficient detail for the actual 
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performance of the experiments and their evaluation. This detailed description occurs also in 
other chapters and should be very valuable to non-specialists who want to use surface tension 
measurements. An attempt of a kinetic explanation of Eétvés’ rule seems to be at least in- 
complete because it does not consider the fact that surface tension is only due to the deviations 
from the conditions in the interior. 

The sixth chapter describes the behavior of an interface liquid-solid (‘wetting’’), followed 
by a chapter on lubrication. Both of these chapters show interestingly, how very practical 
questions can be better understood with increasing knowledge of molecular properties. 
Besides the technical problems mentioned above, Adam touches cleaning and dyeing, flotation 
of ores and (as already in chapter IV) emulsification and the influence of films thereon. 

The eighth chapter, on adsorption on solids and its connection with chemical reactions and 
catalysis, can of necessity contain only a selection of topics. It starts out with the “sensitive 
patches” of Langmuir and Taylor, the marked increase in activity by mixing catalysts, and the 
methods for measuring the “microscopic surface” of a solid. Next the work of Langmuir on 
the theory of absorption and the behavior of gas films, which has already become classical in the 
good sense, is discussed, followed by selected organic reactions catalysed by metals. Then comes 
the discussion of charcoal and a little later some very interesting work on the catalytic properties 
of bacteria. The importance of adsorbed anions on the photosensibility of silver bromide is then 
discussed. One wonders at the absence of a reference to the pioneer work of Fajans and his 
school. Finally, the theoretical calculation of surface tension in salts is discussed. 

K. F. HERZFELD 


Dipolmoment und Chemische Struktur. Edited by P. P. Desye. Leipziger Vortriige 
1929. Pp. 134+-viii, 35 figs. S. Hirzel, Leipzig, 1929. Price Rm 9. 

Elektrische Dipolmomente von Molekiilen. [. EsterRMANN. Pp. 49, 20 figures, 7 tables. 
Part of Band VIII, Ergebnisse der exakten Naturwissenschaften, Julius Springer, Berlin, 1929. 

Dipolmoment und Molekularstruktur. H. Sack. Pp. 60.8 figures, 19 tables. Part of Band 
VIII, Ergebnisse der exakten Naturwissenschaften, Julius Springer, Berlin, 1929. 

The first of the three titles reviewed contains lectures given at a Symposium on the 
connection between the dipolemoment and the chemical structure of molecules, held at the 
University of Leipzig in the summer of 1929, the two others are articles on the same subject from 
Volume 8 of Ergebnisse der exakten Naturwissenschaften and can not be purchased separately. 

The determination of dipolemoments can be carried out in different ways: (a) By deter- 
mining the temperature change of the dielectric constant ¢ in the gaseous state, which follows 
rigorously Debye’s formula, if the exact equation of state is used in evaluating (R. Singer, 
Zurich), (b) By investigating the deflection of a molecular ray, which is broadened if dipoles 
are present (I. Estermann, Hamburg). 

In this way it is proved that pentaerythrite C(CH2OH), as gas has a moment and therefore 
the groups CH.OH are not arranged in a regular tetraeder. (c) By investigating dilute solutions, 
where all associated molecules are broken up. Following ¢« to higher concentrations and at 
different temperatures, one can draw conclusions concerning the degree of association and 
compare them with vapor pressure and viscosity (I. Errera, Brussels). 

(d) By subtracting the effects of electronic and ionic (or atomic) polarization from the 
total polarization (L. Ebert, Wiirzburg). The former can be determined from measurements 
of solids sufficiently far from the melting point, the electronic contribution also from the re- 
fractive index. To see how large the ionic polarization (displacement of the ions as a whole) is, 
Errera investigates salt crystals, while K. Hojendahl (Kopenhagen) uses the theory of Born- 
Landé concerning the forces in the crystal. 

The results (Estermann, Errera, Sack, Ebert) show that one can with fair accuracy ascribe 
definite dipole moments to certain groups in organic compounds and that the resultant moment 
of a molecule with more than one of these groups can approximately be calculated as a result 
of a vectorial addition of the moments of each group as predicted by J. J. Thomson. 
It seems very probable from the results that the benzene ring is flat. The situation is more 
complicated in the case of groups like C-O-H where the valence bonds form an angle. Here the 
possibility of rotation of the dipole (lying along OH) around the C-O bond arises. Ebert dis- 
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cusses in much detail the transition between oscillation and free rotation as well as the question 
of an influence of the temperature on the apparent value of the dipole. 

F. Hund (Leipzig) explains the results of the new quantum mechanics concerning the 
shapes of simple inorganic molecules. 

K. L. Wolf (Karlsruhe) treats two auxiliary methods for solving doubts, which might occur 
in the interpretation of dipole measurements. These methods are first an observation of the 
Kerr effect and the depolarisation of scattered light, which are both connected with the 
unsymmetry of the molecule, and secondly the measurement of the shift of absorption bands 
for different compounds. 

Finally W. Hiickel (Freiburg) discusses the influence of the dipole on reaction velocities, 
especially in so far as there is a connection between the dipole moment and the heat of dissocia- 


tion or activation of one of the parts of the dipole itself or a neighboring dipole. 
K. F. HERZFELD 
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ERRATUM 
AMERICAN PuysicAL SOCIETY 
PROCEEDINGS OF THE NEW YORK MEETING 


Through an oversight the titles of the invited papers presented at the 
Symposium on photoelectric and thermionic phenomena were omitted from 
the program of the meeting as printed in the March 15, 1930 issue (Phys. Rev. 
35, 656, 1930). On page 668 the following should be inserted after abstract 45: 


SYMPOSIUM ON PHOTOELECTRIC AND THERMIONIC PHENOMENA 


46. Photoelectric ionization of gases. F. L. MonLer, Bureau of Standards. 


47. Photoelectric multiple ionization by x-rays. F. Kk. RiIcHTMYER, 
Cornell University. 


48. The quantum theory of the photoelectric and thermionic effects in 
metals. WittiAM V. Houston, California Institute of Technology. 


49. The influence of surface conditions on the photoelectric effect. 
C. E. MENDENHALL, University of Wisconsin. 


50. The velocity distribution of x-ray photoelectrons. Dr. G. WENTZEL, 
University of Ziirich. 


1414 


en 














JUNE 1, 1930 PHYSICAL REVIEW VOLUME 35 


PROCEEDINGS 
OF THE 
AMERICAN PHYSICAL SOCIETY 
MINUTES OF THE WASHINGTON MEETING, APRIL 24-26, 1930 


The 163rd regular meeting of the American Physical Society was held in 
Washington, D. C., On Thursday, Friday and Saturday, April 24-26, 1930. 
The Thursday and Friday sessions were held at the Bureau of Standards in 
the East Building and the Industrial Building. The Saturday sessions were 
held at the National Academy of Sciences. The presiding officers were 
Professor Henry G. Gale, President of the Society, Dr. W. F. G. Swann, Vice- 
President of the Society, and Professors John T. Tate, Harold W. Webb, 
and L. P. Sieg. On Thursday afternoon and Friday morning there were 
sessions devoted to papers on “Applied Physics.” 

On Friday evening there was a dinner for the members of the Society 
and their friends in the Gold Room of the Washington Hotel. President Gale 
presided and the speakers were Professors R. A. Millikan, G. F. Hull, Gregor 
Wentzel, Karl T. Compton and Doctors W. F. G. Swann and L. W. Nord- 
heim. There were 257 guests at the dinner. 

At the regular meeting of the Council held on Friday, April 25, 1930, 
thirty-five candidates were elected to membership. Elected to Membership: 
William Alter, John C. Batchelor, Ralph D. Bennett, John F. Blackburn, 
George W. Bloemendal, R. M. Buffington, H. R. Byerlay, Stuart Campbell, 
Shih-Chang Chen, Frank Coleman, T. C. Hardy, R. C. Hartsough, Curtiss 
R. Haupt, James A. Hootman, Frederick L. Hunter Jr., Franklin S. Irby, 
Hubert M. James, Carl Kaplan, Horace H. Lagerpusch, S. Lehrman, Leon B. 
Linford, Ellice McDonald, R. F. Morris, S. M. Naudé, Mr. Parker, John R. 
Patty, Herbert B. Roese, Oscar Siedman, Caspar V. Shapiro, Johannes A. 
Van den Akker, Claude C. Van Nuys, Bertram E. Warren, Carl J. Wiggers, 
Hugh C. Wolfe and Henry H. zur Burg. 

The regular program of the American Physical Society consisted of 114 
papers, numbers 1, 9, 15, 47, 48, 64, 65, 66, 74, 84, 105, 106, 107, 110 and 113 
being read by title. The abstracts of the papers are given in the following 
pages, An Author Index will be found at the end. 

W. L. SEVERINGHAUs, Secretary 


ABSTRACTS 


1. Distribution of non-reacting fluids in the gravitational field. Morris Muskat, Gulf 
Research Laboratory Pittsburgh.—The paper consists essentially of an analysis of the equation 
given by Lewis and Randall for the distribution of non-reacting ideal fluids in a gravitational 
field. When the fluids are incompressible a formal solution is obtained, for a mixture of any 
number of constituents. But it has not been possible to put it into a form convenient for 
numerical computation. The ratios of the concentrations of any constituent at the top to that 
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at the bottom of a vertical column of the mixture are given explicitly, both for incompressible 
and compressible tluids. When all the molar volumes of the various fluids are equal, the equa- 
tions are solved completely and lead to a relative barometric distribution, and in the particular 
case of ideal gases, to individual barometric distributions. The physical meaning of this is 
briefly discussed. The case of binary mixtures is treated in detail, and numerical examples 
are given, first for a mixture of two parafiins, and secondly for a dilute solution of NaCl in 
water, which is equivalent to an ideal solution of liquids. As is to be expected, the effect is 
extremely small, and in the first case it is only one tenth as large as is given by a simple baro- 
metric fomula. 


2. Capillary retention of liquids in assemblages of homogeneous spheres. W. O. Sir, 
PauL D. Footer, P. F. BusanG. Gulf Research Laboratory, Pittsburgh.—The pore space is an 
assemblage of uniform spheres was initially filled with liquid. After very slow drainage the 
amount of liquid retained by the spheres was experimentally measured. The liquid is retained 
in the form of rings at the contacts of adjacent spheres. The radii of curvature of the ring sur- 
faces are computed in terms of surface tension, grain radius and pressure drop across the 
liquid-vapor interface, permitting calculation of the volume retained per sphere contact. 
The number of contacts per unit volume of spheres is obtained from porosity measurements 
using the theory developed earlier. (Phys. Rev. 34, 1271 (1929).) Computed and observed 
data on the total volume of retained liquid are in agreement. 


3. The mechanism of ‘‘atomization.” R.A. CAasTLEMAN, JR., Bureau of Standards. 
The process of liquid “atomization” is in wide and important commercial use; yet, so far as the 
writer knows, no adequate explanation of its mechanism has been offered. The fact, however, 
that the phenomenon can be used with confidence in the design of machine and other details 
seems to be sufficient indication of a recognized definite physical background. If we assume 
that a necessary step in “‘atomization” is the drawing off, from the unatomized liquid, of liga- 
ments of such size that they will eventually draw up into drops of the size observed in the 
spray, it appears that a satisfactory explanation of the phenomenon can be obtained by com- 
bining Rayleigh’s theory of jet disintegration with some recent drop size measurements. For 
analysis shows that the degree of instability of ligaments of the necessary size is so great that 
direct observation of either the initial disturbances or even of the ligaments themselves seems 
improbable. The above assumption appears to be reasonable, necessary and sufficient. 


4. Wind pressure on cylindrical stacks. H. L. Drypen anp G. C. Hitt, Bureau of 
Standards, Washington, D. C—A summary is given of the published model experiments on the 
wind pressure on cylinders and of some additional experiments (a) on model cylinders in the 
wind tunnel, (b) on a large cylinder in the natural wind, and (c) on the power plant stack in 
the natural wind. The object is to provide a basis for estimating the average wind pressure on 
stacks and other cylindrical structures at known wind speeds. The conclusions are as follows: 
1. The wind pressure on a stack at a given wind speed is a function of the ratio of the height 
of the stack to its diameter and possibly of the roughness of the surface. 2. Model experi- 
ments can not be directly utilized because of a large scale effect. 3. Provision for a wind load 
equivalent to 20 pounds per square foot of projected area at a wind speed of 100 miles per hour 
is a safe procedure for stacks whose exposed height does not exceed ten times the diameter. 
4. The local values of the pressure may require consideration in the design of thin-walled 
stacks of large diameter. 


5. Airfoils of circular-arc section for use at high speeds. L. J. BricGs anp H. L. Drypen, 
Bureau of Standards, Washington, D. C-—Experiment has shown that the airfoil sections used 
in the design of airplane propellers change their aerodynamical properties as the relative air 
speed approaches the speed of sound. The component of the force in the direction of the 
airstream (the drag) increases more rapidly than the square of the airspeed, and the component 
normal to the airstream (the lift) less rapidly. In some earlier measurements, an airfoil which 
was a segment of a circular cylinder was found to give good results. The present measure- 
ments were undertaken to survey the field more thoroughly and to investigate the effect of 
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rounding the sharp edges. The effect of a moderate rounding was found to be small. At speeds 
above 0.95 of the speed of sound the circular-arc sections are more efficient than the usual 
types. At low speeds, (0.5 of the speed of sound), the thick circular-arc sections are much less 
efficient, but the thin circular-arc sections compare more favorably with the usual types. 
For propellers operating at high tip-speeds it would be advantageous to use circular-are sec- 
tions in the outer parts of the blade. 


6. Absorption and velocity of high frequency sound in oxygen. W. H. PIELEMEIER, 
Pennsylvania State College.—-Deviations of the experimentally determined absorption and 
velocity values from their theoretical values in air suggest their determination in oxygen and 
nitrogen at the same frequencies. The acoustic interferometer and torsion vane methods are 
used. The torsion vane method is the more reliable but the interferometer makes it possible 
to make simultaneous measurements of absorption and velocity. The theoretical value of K, 
the absorption constant, is given by the equation, K =A/)*, where A has the value 0.000365 
for oxygen at 20°C. The experimental K is defined by the equation, J=Joe~®*. The frequency 
variation of the above deviations can readily be shown by comparing the theoretical value of 
A, 0.000365, with the observed values. At 1215 kilocycles the radiometer method gave 0.00039. 
With the interferometer 0.00031 was obtained. At 655.5 kilocycles the radiometer and inter- 
ferometer both gave 0.00055. Dulong’s value for Vo, the velocity at 0°C, of audible sound 
in oxygen, is 317.2 m sec. At 1215 and at 655.5 kilocycles the values are 317.1 and 317.4 m/sec 
respectively. The value given by Laplace’s formula is 315.0 m ‘sec. 


7. Influence of the walls enclosing a sounding air column upon the tone quality. Dayton 
C, MILLER AND JoHN R. Martin. Case School of Applied Science-—Three organ pipes are 
provided, the first made of wood which sounds the tone of G.=192. Two other pipes having the 
same internal dimensions are made of zinc about 0.5 millimeters thick. One of the zinc pipes 
is surrounded by a zinc case to form a double walled pipe, with spaces two centimeters wide 
between the walls. These two pipes have the same pitch, giving a tone a little flater than 
F,=173. When the single walled zinc pipe is blown in the ordinary manner, its sound has the 
usual tone quality. By touching this pipe on the outside, extraordinary changes in tone quality 
can be produced with the formation of inharmonic partial tones, the ratios of which are 1:2.06 
:2.66. When the double walled pipe has the space between the walls filled with a liquid the 
pitch is E,=153. If the liquid is allowed to flow out gradually, the tone quality changes con- 
spicuously during the process with the formation of inharmonic partials having the ratios 
1:2:2.9. These experiments indicate that the material of which a musical wind instrument is 
made may have an important effect upon the tone quality. 


8. The excitation of overtones of shear vibrations in Y cut quartz plates. J. R. HARRISON, 
University of Pittsburgh.—lIt is well known that Y cut quartz plates will function as resonators 
and oscillators with shear vibrations giving rise to transverse waves in the direction of the 
Y axis. (W. G. Cady, Phys. Rev. 29, 617, (1927).) Also it is not difficult to excite the odd 
overtones, i.e., those frequencies which are approximately odd multiples of the fundamental 
frequency. With a new type of crystal mounting it has been found possible to excite the 
even overtones also. To excite the second overtone, a three electrode crystal mounting is used. 
This mounting consists of two flat electrodes covering the two XZ plane surfaces of the plate 
and also a frame shaped electrode about one-third as thick as the crystal plate. This third elec- 
trode fits around the crystal plate like a frame and is symmetrically disposed with respect to 
the flat electrodes in the XZ planes. The frame shaped electrode allows fields to be applied 
between it and the electrodes in the XZ planes in opposite directions. To accomplish this, the 
flat electrodes are connected together serving as one terminal and the frame shaped electrode 
as the second terminal. By using two flat electrodes and three frame shaped electrodes, the 
fourth overtone can also be excited. Similarly, mountings can be constructed for exciting 
the higher overtones. 


9. Torsion of rhombic prisms and of cylinders in the elastic and plastic state. JAKos 
Kunz, University of Illinois—The corresponding problems for isotropic bodies are at first 
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solved by means of the stress function. The new problems are then reduced to the older ones 
by means of linear transformations of the variables. The plastic flow is then determined for 
the elliptic cylinder in a closed form, which however could not be found for the plastic rec- 
tangular prism. 


10. Some applications of the theory of plastic deformations of ductile metals. A. NApat, 
Westinghouse Elect. Mfg. Co. East Pittsburgh. (Introduced by S. M. Kintner).—A brief account 
will be given of the principal conditions which are available to express the equilibrium of stress 
in the plastic state of ductile metals. These conditions will be discussed for the case of rota- 
tionary symmetry ina plastic body. As an example several cases of plastic flow in a thick walled 
cylinder subjected to high internal pressure with and without longitudinal expansion will be 
treated. The distribution of stress during yielding is given for a long cylinder and for a flat 
ring both subjected to radial pressure. How yielding and the plastic deformation spread 
through the walls of the cylinder will be shown. 


11. The flarimeter: a clinical instrument for testing circulatory fitness. P. V. WELLS, 
Medical Department, The Prudential Insurance Company of America.—Forced expiration at 
constant lung pressure of 20 mm provides the most convenient means of placing the circula- 
tory system under standard load. The response in systolic blood pressure is maximum at rates 
about 36 cc/sec. Among normals, the blow should exceed 50 seconds; its decrease measures 
shortness of breath, the leading symptom of an impaired heart muscle. The blood pressure 
normally rises 20 mm in 45 sec, 40 mm before the impulse to breathe stops the blow. The 
Flarimeter is a simple durable, reproducible, inexpensive, portable instrument designed to 
enable an individual to perform such a standard test. A 200 cc ‘sec orifice is also provided, its 
length of blow giving an accurate measure of vital capacity (the volume of a maximum single 
expiration). Some investigators have believed the vital capacity to be a measure of shortness 
of breath because it is so reduced in heart disease. But after exercise the vital capacity is not 
reduced, while the small orifice blow is shortened to a third of normal length, showing that it is 
a much better measure of shortness of breath. 


12. Suggested explanation of Michelson-Morley-Miller experiment. N. GA LLI-SHOHAT, 
Mount Holyoke College-—The complete theory of Michelson-Morley-Miller experiment leads 
to two effects: one due to the phase difference, another to the “rotation” of the waves pro- 
duced by reflections from the moving mirrors. P. Epstein has given an estimation of this last 
effect and has found it too small to be discovered. However, his estimation was based on the 
orbital velocity of the earth, 30 km ‘sec, while the velocity of the solar system in space is much 
greater. Thus if one makes an estimation of the “rotational” effect for s=300 km/sec. one 
gets a displacement about 0.2 fringes in agreement with what Professor Miller has observed 
under the conditions of his experiment. This suggests the following assumptions: Phase effect 
is fully compensated (Lorents contraction) ; efject actually discovered by Miller is a rotational effect 
due to the aberration X’ observed by Esclangon and discussed in the previous paper. Rota- 
tional effect is assumed to be proportional to the horizontal component of X’, being §*l cos @ 
(sin?@—cos?(v, z))'/?2= [a= (v,/), Z-zenith J. The curves, representing the variation of the 
azimuth of the maximum effect and its magnitude, computed for Mt. Wilson, using the apex- 
declination 68° agrees with the curves given by Miller; the agreement being most striking for 
the data 1925. 


13. The magnetic moment of the lithium nucleus. S. Goupsmit anp L. A. YounG. 
University of Michigan.—The hyperfine structure observed by Schiiler in ionized lithium is 
of the same order of magnitude as the multiplets in that spectrum. This has led to the belief 
that the magnetic moment of the nucleus must be of the same order of magnitude as that of an 
electron. However, the hyperfine structure is produced by the deeply penetrating 1s electron 
whereas the multiplet separation is due to the outside 2p electron. These two should thus 
not be compared and indeed rough calculations show that a nuclear magnetic moment of only 
a few proton units is sufficient to account for the hyperfine structure. The considerations of 
H. E. White on lithium as well as other hyperfine structures (Phys. Rev. 35, 441 (1930)) are 
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incorrect since he erroneously compares them with singlet-triplet and other “Austausch” 
separations. His error is caused by a misinterpretation and a too literal application of the vector 
model. 


14. Possibility of bringing mean life directly into Schroedinger equation for the hydrogen 
atom. A. BRAMLEY AND ALLEN C. G. MITCHELL, Bartol Research Foundation.—The possibility 
of bringing an expression for the mean life of an atom in a given state directly into the wave 
equation for the hydrogen atom with relative motion of the nucleus, has been investigated. 
A solution for the electron and proton in their mutual coulomb field has been found which 
contains a damping term 8 occurring in the time factor of the equation for 


WV,’ = V,, exp (27i/h)(En + i8)t. 


The value of the constant 8 is determined from the condition, that if the atom is in the state 
designated by cigenwert E,, for the electron at time ¢=0, then the probability of making a 
transition to any other state in all time is unity; or expressed analytically 


Damn f Minndt = 1 


where M,,,, is the matrix moment of the transition. This leads to a value of 8,, (reciprocal of 
mean life) which is proportional to [}-,.{ /xumtn*dxdyds} ]?. This expression is similar to the 
expression derived by Sagiura from the Correspondence Principle for the value of the mean 
life. 


15. Life and radius of the metastable mercury atom. M.L. Poot. Ohio State University. 

The experimental arrangement described by the writer (Phys. Rev. 33, 22, (1929)) has been 
altered in order to lend itself more easily to mathematical treatment. A quartz resonance cell 
containing mercury vapor at 25°C is placed between two high speed disks which interrupt 
the total radiation from two symmetrically placed water-cooled and magnetically controlled 
quartz mercury arcs. A few millimeters of purified nitrogen and a trace of water vapor is 
admitted into the resonance cell and slowly moved over hot copper and copper oxide. The 
life of the 2*Po state is measured by the rate of decrease of the absorption of 4047 with increasing 
time-wait after optical excitation of the mercury vapor. Extrapolation to zero nitrogen pres- 
sure gives a natural life of about 2X10-* sec. Admixtures of argon at low nitrogen pressures 
prevented rapid diffusion of the metastable atoms to the walls of the tube. A treatment of 
the life-time similar to that outlined by Zemansky (Phys. Rev. 34, 213 (1929)) gives the radius 
of the metastable atom to be 2.4 to 3.0X10-* cm depending on the pressure of the admixed 
nitrogen. 


16. Interval rule for sp, sd, sf configurations. E. U. Conpon anp G. H. SHoRTLEY, 
University of Minnesota.—A systematic comparison of the known data on the singlets and 
triplets arising from sp, sd, sf configurations with the theory of Houston (Phys. Rev. 33, 
297 (1929)) shows that the theory gives a good account of the deviations from the Landé inter- 
val rule which accompany departure from Russell-Saunders coupling. There are numerous 
significant discrepancies, however. Writing 'Z; and *Zi4;, *Z: Li, with L=P, D, F, when 
1=1, 2, 3 for the term values, we plot as abscissas (°Z;_; —*L1,,), [§Li—"Ly | and (@L;_,—*L1)/ 
(®L:—Li4;) as ordinate if (®Z;—'Z;) is positive, otherwise the reciprocal of this quantity. 
Houston's equations (12) give functional relations between these interval ratios which are 
compared with the experimental values. 


17. The resonance of (B— A) bands of the hydrogen molecule. HuGH H. Hyman, Union 
College-—Photographs of the extreme ultraviolet spectrum (A 1100A to \1640A) have been 
taken, using a vacuum spectrograph made available to the author at the University of Cali- 
fornia. A three inch grating, 15000 lines per inch with a three meter focal length, was used, 
giving a resolving power of 0.1A and a dispersion of 2.76A per millimeter in the second order. 
The fine structure of sixty eight bands of the first resonance (B —A) system has been studied. 
The moment of inertia of the normal (A) state is found to be 0.4673 X 10~*° g.cm?, the nuclear 
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separation, 0.7500 X10°S cm. In the first excited (B) state the moment of inertia is given as 
1.4225 g.cm* and the nuclear separation as 1.308;X10°5 cm. Resulting constants leave no 
doubt but that the B state is also the lower state of bands found in the visible and studied by 
Richardson and Davidson. The proof of the connection between the ultraviolet system and 
the visible system leads to the conclusion reached by Birge that the ionization potential of the 
hydrogen molecule is 15.34 volts to within a few hundredths of a volt. 


18. Regularities in the spectra of lutecium. Wittiam F. MrGGreRs AND Bourbon F. 
SCRIBNER, Bureau of Standards.—A study of the arc and spark spectra of lutecium (71 Lu) 
resulted in the separation of the lines into 3 distinct classes. (1) those characterizing neutral 
atoms, constituting the Lu; spectrum; (2) those due to singly ionized atoms, the Lu;; spectrum 
and (3) a small number of lines ascribable to doubiy ionized atoms, the Luy; spectrum. 
Regularities have been discovered in each of these spectra. The normal state of neutral Lu 
atoms is represented by a *D spectral term arising from the electron configuration (s*d); its 
levels are separated by 1993.9 wave-numbers. The normal state of Lu* atoms is described by 
'S(ss), and metastable terms 'D, °D (ds), °F’(dd) have also been established. The relative values 
are as follows: 


's = 0.0, 3D, = 11796.1, 3D. = 12435.2, 4D, 


14199.0, 


'D, = 17332.5,  3F;’ 


294060.7, 3F;’ = 30889.1,  3Fy’ = 32503.7. 


A ?S(s) term describes the normal state of Lu** atoms; a 2D (d) term has levels at 6304.3 and 
8648.1. There is no evidence that f-electrons play any part in the production of the spectra; 
it is concluded that the fourteen f-electrons in Lu form a closed shell of considerable stability. 


19. The spark spectrum of cobalt (CoII). J. H. FinpLay, Princeton University._-A further 
examination of the Co II spectrum, based on the previous work of Meggers (Journ. Wash. 
Ac. Sci. 18, No. 12, 1928), has been made. A magnetic analysis shows that Meggers’ classifica- 
tion of the terms d7p°F°, §D° should be interchanged, except for the term 5F;°. Since Meggers’ 
results were obtained from intensity rules, the author's >F°F° and >F°D°® multiplets show irregu- 
lar intensities. The strongest lines in these multiplets are, respectively, °F, °F, and 5F, 
5p,,°. The magnetic analysis also shows that Meggers’ terms *D should be d‘s°P and that his 
5P°, *P°, and *F° should be partly d7p>P® and §D°. In addition, the terms d’s°F, d7p*D°, *F°, 
§G°, 5S°, and the lowest terms d* *F have been found. The location of the second member of the 
d's' F’F series gives an I. P. of 16.9 volts from d’s to d? and 17.3 volts from d* to d’, in practically 
exact agreement with the predictions of Dr. H. N. Russell. 


20. A surplus level in the are spectrum of palladium. A. G. SHENSTONE, Princeton Uni- 
versity.—The spectrum Pd I has been so thoroughly analyzed that the positions of all 
the structures to be expected are known. One even level, k; of Bechert and Catalan, is appar- 
ently not explainable in terms of the Hund theory unless it is a hyperfine structure component 
of d°5d°P,. That explanation is extremely improbable since (1) it makes the hyperfine struc- 
ture greater than the fine structure and (2) no other levels are known to have structure. The 
lines due to &, are peculiar in being the only diffuse lines in Meggers’ list which extends from 
44500 to 9200. 


21. Spectra of gases lighted with strong discharges. E. O. Hu_surt, Naval Research 
Luboratory.—Spectra of condensed discharges through hydrogen at pressures up to several 
cms of mercury showed, as usual, the Balmer lines merging into the continuous spectrum. 
With increasing strength of the discharge the Balmer lines widened, the higher members of the 
series disappeared and the continuous spectrum became more intense, until with 1 microfarad 
at 15 kilovolts (the method of J. A. Anderson, Astrophys. J. 51, 37 (1920)) there were no 
Balmer lines left at all, only the continuous spectrum and some absorption lines due to alumi- 
num from the electrodes, etc. Helium, oxygen and nitrogen exhibited similar changes, i.e., 
with increasing intensity of discharge in helium the lines gave way to a continuous spectrum, 
and in oxygen and nitrogen the molecular bands gave way to spark lines and these in turn to 
a continuous spectrum. The continuous spectra from all the gases were alike. The intensity 
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distribution across the continuous spectrum was rather even and hardly that of a black body. 
In the strong discharges the external characteristics of the atoms were pretty well effaced and 
the conditions approached those in the interior of a star. 


22. Excitation processes in the hollow cathode discharge. RK. A. Sawyer, University 
of Michigan.—The negative glow inside a hollow cathode in a rare gas discharge has often been 
used to excite metallic spark spectra. The excitation is largely due to collisions of the second 
kind between gas and metal atoms and ions. The exact processes may be inferred from the 
observed highest term excited and from maxima or abnormal intensities in the metallic spec- 
trum. The available data have been examined. In general only those processes occur in which 
the metal can be excited to some term in the spark spectrum with gain or loss of only a small a 
amount of kinetic energy to balance the reaction equation. If the metal has a low vapor pres- 
sure Or sputters poorly cathodically the metal atoms in the normal state or a low metastable 
state if any will be excited by collisions with gas ions and metastable atoms. If the metal has 
a high vapor pressure metal ions will enter the reactions. In intermediate cases metal ions may 
or may not enter depending on conditions. The limit of excitation is fixed by the possible reaction 
yielding the greatest energy; the other possible reactions may produce maxima in the spectra. 


23. Collisions of the second kind and their effect on the field in the positive column of a 
glow discharge in mixtures of the rare gases and mercury vapor. O. S. DUFFENDACK AND 
L. B. Heaprick, University of Michigan —Measurements were made of the electric field in the 
positive column in mixtures of helium-neon, helium-argon, neon-argon, in all proportions and 
mixtures of each of these gases with mercury vapor. Spectrograms were taken of the radiation 
from the positive column for each of these mixtures. The electrical and spectral character- 
istics of the positive column in mixtures of monatomic gases can be explained in terms of col- 
lisions of the second kind between the metastable atoms or the ions of one gas and the neutral 
or the metastable atoms of the other. The necessary condition for a large effect to be produced 
by a small amount of one gas added to another is that there exists a close resonance between the 
metastable states of the main gas and the ionized or excited states of the added gas. The 
introduction of only 0.15°%% argon into neon produced a marked increase in the electric field 
and the spectrum emitted changed completely from neon | to argon I, while the addition of 
10% neon to argon had practically no effect. 


24. Secondary emission from nickel in a neon discharge. W. UyTERHOEVEN AND M. C. 
HARRINGTON, Princeton University —Continuing experiments on the secondary emission 
from a negatively charged metal collector placed in a neon discharge (Science 70, 586, 1929) 
we obtained additional evidence of a secondary electron current amounting to about 40% of 
the total current. With the experimental arrangement described before, a perforated collectcr 
with a Faraday box behind it, (Phys. Rev. 35, 438, 1930) an estimate can be made of the 
electron emission due to metastable atoms. This is found to be much more important than the 
part due to ion impact, namely about 30 to 35% of the total current. When this is deducted 
from the total secondary emission, values for the number of electrons liberated per incoming 
positive ion can be estimated. This comes out of the same order of magnitude (10°) as the 
values determined directly by Penning (Physica 8, 13, 1928). 


25. The effect of intense electric fields on the photoelectric behavior of thin potassium 
films. Ernest O. LAWRENCE AND LEon B. LinForp, University of California.—Photoelectric 
thresholds of thin films of potassium on tungsten were observed at 5620A with fields drawing 
the electrons from the surface of 260 volts’cm. Increasing the applied fields shifted thresholds 
towards the red, for example, to 5880A by a field of 26,000 volts cm. It is calculated from the 
data that at distances between 7(10~7) cm and 12(10-*) cm of such surfaces the field is entirely 
the Schottky image field while at greater distances the field exceeds the image field, indicating 
patched surfaces. Films of potassium on thick layers of oxygen on tungsten show no dependence 
on fields, indicating either that ion layers exist more than 300 atom diameters from the metal 
surface which produce fields greater than the Schottky field or that such surfaces are rough. 
Poor current saturation indicates the latter as more probable. Potassium on a thin oxide layer 
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has a threshold farthest to the red and exhibits dependence on applied fields assignable to 
image forces alone. Wentzel’s wave mechanics theory of the photoelectric effect is verified in 
the respects that the whole photoelectric sensitivity curve shifts with the threshold and that 
the maximum sensitivity occurs at a frequency 3,2 the threshold frequency. 


26. A representation of the dynamic properties of molecules by mechanical models. 
C. F. KetrerinG, L. W. Suutts anp D. H. ANDREWs, General Motors Cor poration.— Mechanical 
models have been constructed to represent the dynamical systems found in the molecule. 
Assuming that the intramolecular forces lie along lines associated with the chemical bonds 
and that for small vibrations they obey Hook’s law and have the mechanical character of spiral 
springs, it is possible to get a picture of the forces and masses which can be represented on a 
large scale by steel balls and spiral springs. Models have been constructed for some of the 
simpler nonpolar molecules. They are found to have characteristic frequencies which corres- 
pond very closely to the frequencies observed in the Raman spectra and it is possible by this 
means to identify the Raman lines with definite types of motion of particular atoms in the 
molecule. This substantiates the view that Raman lines correspond very closely to charac- 
teristic fundamental molecular frequencies. 


27. The fluorescence spectrum of benzene. F. ALMaAsy, University of Zurich, anv C. V. 
SHAPIRO, Cornell University. (Introduced by R. C. Gibbs).—Using an improved technique, 
the fluorescence spectrum of benzene, excited by the radiation from a quartz Hg arc, has been 
photographed with a Hilger E, spectrograph, whose dispersion in the region under investiga- 
tion is 3A per mm. Wave-length measurements were made from an Fe spark comparison 
spectrum. The data so obtained are in excellent accord with those for the absorption spectrum 
in the range over which the two overlap. An energy leygl diagram is proposed which accounts 
for the majority of the bands on the assumption that the electronic origin of the system lies at 
37489 cm“ (see following abstract). The vibrational frequencies are 923 cm™ for the excited 
state and 998 and 160 cm™ for the normal state. 


28. Electronic transitions in the spectra of benzene. C. V. SHapiro, R. C. GiBBs AND 
J. R. Jounson, Cornell University.—A review of the available data on the absorption and emis- 
sion spectra of benzene, together with new data on the absorption of the vapor at higher con- 
centrations, leads to the definite conclusion that only two electronic transitions need be assumed 
in setting up an adequate energy level scheme, as opposed to the recent suggestions of 5 and 
3 respectively, by Austin and Black, (Phys. Rev. 35, 457 (1930)) and by Black, (Nature, 125, 
274 (1930)). These two values are 37489 and 38612 cm™ and are identical with those previ- 
ously assigned by Henri, Structure des Molecules, Paris, (1925), pp. 109, 110. The observed 
fluorescence spectrum is confined solely to the first of these two systems, while the absorp- 
tion spectrum is distributed between the two, though showing a much greater intensity in 
the second. The Tesla luminescence spectrum is very similar to the fluorescence spectrum, 
except that a few bands corresponding to the most intense of the absorption bands of the sec- 
ond system, do appear. 


29. Polarization of sensitized fluorescence. ALLAN C. G. MitcHeLt, Bartol Research 
Foundation.—The question of whether or not angular momentum of optical electrons is con- 
served on a collision of the second kind between an excited mercury atom and a cadmium atom 
has been investigated. It is well known that under certain conditions mercury resonance radia- 
tion is almost completely polarized. It is also known that an excited mercury atom can give 
its energy to a cadmium atom causing this atom to emit its resonance line \ 3261. In this ex- 
periment a mixture of Hg and Cd vapors was radiated by light from a quartz-mercury arc 
(giving the unreversed 2537A Hg line). The electric vectors of the exciting light were in the 
X-Z plane. The Hg-Cd mixture was in a magnetic field (300 gauss) directed in the y direction. 
The fluorescence from the mixture was observed through a Savart Plate and Nicols prism in the 
X direction. Under the conditions of the experiment (low pressures of Cd and Hg vapors) 
the fluorescent light consisted of the 2537A line of Hg and the 3261A line of Cd. The Cd line 
was unpolarized whereas the Hg line was polarized. Had the polarization been carried over on 
collision one would have expected the Cd line to be polarized in the same direction as the Hg 
line. 
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30. The chemiluminescence of metallic sodium. Jay W. Wooprow Anp R. M. Bowie, 
Iowa State College—It has been known for a long time that metallic sodium and potassium 
will give off a faint bluish glow when a fresh surface is exposed to the air. This has been attrib- 
uted to direct oxidation upon contact with the oxygen in the air, A careful check of this effect, 
however, has shown that it is mostly, if not entirely, due to the water-vapor present. A 
special apparatus was constructed by means of which it was possible to feed into a gas chamber 
a fine thread of metallic sodium which always had a fresh surface. When carbon-dioxide or 
oxygen which had been bubbled through water was passed into this chamber, the sodium thread 
glowed quite brightly. The effect appeared to be as prominent for the moist carbon-dioxide 
as for the moist oxygen. On the other hand neither dry oxygen nor dry carbon-dioxide gave an 
effect which could be detected by the eye even after a half hour in absolute darkness, while 
at the same time a freshly cut surface of sodium, used as a check, was clearly visible in open air. 


31. An electrical method of determining the gelation temperature of starch. E. C. 
McCracken, Jowa State College.—During an investigation of the electrical properties of the 
potato, it was observed that there was a discontinuity in the resistance-temperature curve. As 
the potato was heated by an electric current passing directly through it, a sudden decrease in 
the resistance took place at a temperature between 87° and 88°C. This effect was undoubtedly 
due to a disruption of the starch grains. Chapman and others have concluded from measure- 
ments with the viscometer that this phenomenon takes place at a temperature near 90°C. 
The electrical resistance method has been found to be quicker, simpler and more accurate for 
determining this gelation temperature than that in which the viscometer is used. 


32. Absorption of ultraviolet light by lacquer films. W.P. Davey anp D. C. Duncan, 
The Pennsylvania State College and Hercules Powder Co.—Absorption tests on a series of nitro- 
cotton films, film solutions and their various individual ingredients yielded the following results: 
None of the films showed selective absorption. They were completely opaque to radiation of 
wave-length less than about 3300A. Absorption decreased markedly with increasing wave- 
length, becoming inappreciable for wave-lengths greater than 4000A. The absorption was found 
to be quite independent of viscosity, nitrogen content and such plasticizers as were used. The 
limitation of transmission to wave-lengths greater than 3300A was found to be due to ester 
gum,a constituent common to all of the films. The nitrocotton constituent was quite transpar- 
ent to wave-lengths greater than 3000A. Similarly, tests on a series of cellulose acetate films, 
film solutions and their various individual ingredients yielded no evidence of selective absorp- 
tion. In this series there was no close correlation between the absorption characteristics of 
the dried films and the solutions from which the films were made. This was found to be due to 
the fact that the absorption of the solvents present masked that of the other ingredients. 
Absorption of solvent-free cellulose acetate films for wave-lengths greater than 2900A was 
found to be due to the particular plasticizer used. 


33. Transmission of ultraviolet radiation by lake water. CHARLES D. HopGMAn, Case 
School of Applied Science.—Pure water, relatively transparent to the ultraviolet, is rendered 
less so by the presence of small quantities of dissolved salts and organic materials such as occur 
in natural river and lake waters. The extent to which ultraviolet radiation, either from the 
sun or from artificial sources, penetrates such media is of interest for many reasons. A series 
of measures of the transmission of unfiltered water from Lake Erie, made by the sector photo- 
meter and quartz spectrograph for a thickness of 2 cm shows a relatively low transmission 
ranging from about 74 percent at 0.404 to 12 percent at 0.22u. Determinations are in progress 
for water from the same source after filtration and as taken from the city water supply as well 
as from other sources. 


34. Measurement of intensity of helium lines with voltage using a photoelectric device. 
JoserH RazeEK AND PETER J. MuLpER, University of Pennsylvania.—The variation of intensity 
with exciting voltage for the lines 6678, 5876, 5016, 4713, 4471, of the helium arc spectrum has 
been measured using the automatic photoelectric spectrophotometer described by Mulder and 
Razek before the Ithaca Meeting of the Optical Society of America in Oct. 1929. It was founa 
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the results on 6078(1'P —2'D), 5878(8P —2°D), 5016(1'S—2'P), 44710195P—3°)) were gener- 
ally smooth curves, differing somewhat from the results of Hughes and Lowe, (Proc. Royal 
Soc. A104, 1923 Pg. 480) whereas 4713(1°P —3'S) shows undoubted maxima near the critical 
exciting potentials consistent with the results reported by Cornog, (Phys. Rev. 32, 740-752 
(1928)). The radiation was developed in a spherical equipotential space 20 cm in diameter, 
formed of a hollow copper ball. The equipotential cathode and grid from a commercial power 
tube formed the internal structure, the sphere itself being the anode. The filament, grid and 
outer sphere were connected to the positive of a battery, with the cathode as the only part inside 
the sphere at a lower potential. This resulted in a very uniform potential inside the sphere. 
Direct light from the cathode was cut out by means of a diaphragm on the window in the sphere 
through which the light was examined. Are currents as high a3 300 milliamperes were obtained 
with 50 volts across the tube. 


35. Further experiments with an automatic photoelectric spectrophotometer. PrrER J. 
MULDER AND JoOsEPH Razek, Uiv'rsity of Pennsylvania.—The automatic photoelectric spec- 
trophotometer described by Razek and Mulder before the Optical Society of America, October 
1929, has been satisfactorily applied to a series of problems, some of which are detailed. Certain 
changes in the instrument made possible operation at about ten times the former sensitivity 
when, desired. In this way differences in very dark samples, having an intrinsic brightness 
of only a few percent, can be readily shown. By a series of tests on biological pigments, the 
instrument was showntobe admirably suited for testing any solutions that change color rapidly. 
Three records were taken on an acid hematin solution in six minutes, showing three different 
stages in its light transmitting property. Records have also been obtained on a 1° solution of 
oxyhemoglobin in water, both when fresh and when reduced. One record was obtained showing 
the oxyhemoglobin in the act of reduction. The effect of surface gloss of the sample was tested 
and found to be negligibly small. All records mentioned, and various other interesting color 
analyses will be shown. 


36. Pictures in relief made with a large diameter lens. HERBERT E. Ives, New York 
City.—Pictures showing relief through a large range of angles and distances of observation 
(parallax panoramagrams) have heretofore been made by the use of a moving lens, and an 
opaque line grating slightly separated from the sensitive plate, both plate and grating also 
being moved in some schemes. All moving parts may be eliminated if a single stationary large 
diameter lens is substituted for the small moving lens, and provided (a) the transparency posi- 
tive is placed in front of the grating instead of behind it, (b) the image is given a single inversion, 
as by a mirror, (c) a grating is used for viewing which has a slightly greater line spacing than the 
taking grating. The resulting relief pictures are visible through the angle subtended by the 
lens from the object. The method has the advantages of simplicity of apparatus and manipu- 
lation, and of greatly shortened exposure time. 


37. Alloys for vacuum-tight glass-meta! joints. By D. E. OtsHevsky, Yule University.— 
Joints between materials possessing different physical properties constitute an essential feature 
of much apparatus involving high vacuum. A glass-metal solder joint occupies—as far as 
assembling and disassembling is concerned—a position intermediate between direct metal- 
glass seal and the classical ground joint. In an attempt to find suitable solders ternary alloys 
of Pb, Sn and Bi were investigated first and characteristic breakages occurring some time after 
solidification were found to be due to little hard crystals growing out of the interface and press- 
ing against the surface of glass. Several alloys laying on straight lines E—Pb, E—Sn and 
E—Bi as well as in the E—e,, E—e2, and E—e; valleys (Int. Crit. Tables, v. II, p. 418) were 
investigated by pouring into Pyrex tubing moulds. An alloy lying on the E —Pb straight line 
(Pb 50, Bi 37.5, Sn 12.5) was found to possess small glass cracking tendency. This is attributed 
to separation of soft Pb crystals on cooling. In agreement with the above, alloys obtained by 
shifting from the eutectic of Pb-Bi-Sn—Cd on a straight line toward the Pb corner (as Pb 31.1, 
Sn 12.5, Bi 47, Cd 9.4) were also found to have no tendency to burst glass, even in thin layers 
between glass and metal. The vacuum-tightness of the alloys is still unsatisfactory and joints 
must be backed by cement for high vacuum work. The joints proved in actual service to be 
mechanically strong, rigid, vacuum tight and replacable. Further study is in progress. 
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38. Studies in contact rectification, II. The cupric sulfide-magnesium junction. Mi_tTon 
BERGSTEIN, J. F. RiINKE, AND C. M. GuTHEIL, Research Laboratory, P. R. Mallory & Co., Inc.— 
The commercial cupric sulfide-magnesium rectifier junction consists of a disk of heat-treated, 
compressed, cupric sulfide powder contacted with the suitably oxidized face of a magnesium 
disk. The efficiency of the rectifier unit increases with operating temperature within usual 
working limits. The phenomenon of “reverse rectification” (i.e. rectification in the direction 
opposed to normal) is related to the a.c. voltage across the junction. Oscillograms show that 
there is formation of a film which possesses resistive properties in one direction, that the film 
may be partially destroyed by continued passage of current in the conductive direction, that 
application of sufficient voltage in the resistive direction causes re-formation of the film in less 
than 0.004 sec., that there is no battery effect or thermoelectric effect sufficient to account for 
rectifying properties, and that formation of the film is probably electrothermic rather than 
electrolytic in origin. 


39. The effect of cyclones and anticyclones upon the intensity of radio signals. R. C. 
CoLwe.i, West Va. University-—-Observations made up by the signal variation of station 
KDKA at Pittsburgh have shown that the signal intensity increases after nightfall provided 
there is a low pressure area between Pittsburgh and Morgantown. Hence an increasing in- 
tensity after nightfall is an indication of cloudy or stormy weather the next day. An area of 
high pressure between Pittsburgh and Morgantown will cause the night signal to decrease, so 
that this type of signal curve indicates fair weather. If the low pressure area passes south of 
Morgantown, it does not effect the signal. Such a low pressure brings rain with an east wind 
changing to north and a storm of this kind is unpredictable by observations upon a station to 
the north of the observer. As with the barometer, the readings indicate weather conditions 
twenty-four hours in advance. 


40. Reflection of radio waves from the surface of the earth. Lat C. VERMAN, Cornell 
University. (Introduced by E. Merritt.)—The reflection of an elliptically polarized electro- 
magnetic wave from partially conducting and perfectly conducting surfaces is studied in detail. 
It is shown that in either case the interference of incident and reflected waves gives rise to a 
psuedo-stationary wave field above the surface of the reflector. This field is bodily propagated 
along the horizontal projection of the direction of the incoming wave with a velocity greater 
than that of light, i.e. c ‘sin a, where @ is the angle of incidence. The resultant electric and 
magnetic vectors at any given point above the reflector describe two field ellipses lying in two 
different planes, whose orientation vary with height. This fact is made the bases of experi- 
mental measurements. 

It is found that the 43 meter wave from WIZ, located in New Brunswick, N. J., holds its 
polarization and angle of incidence constant during morning hours at Ithaca, N. Y. The rapid 
fading that accompanies the signal is to be attributed to amplitude fluctuations. Observations 
on this station are analyzed on the basis of the above theory to obtain the angle of incidence and 
the polarization of the incoming wave. Polarization is found to be generally elliptical. 


41. The x-ray fiber structure of alloys containing precipitated crystals. CHARLES S. 
BARRETT, Naval Research Laboratory, Washington, D. C.—Dahl, Holm, and Masing (Wiss. 
Veréffentlich. Siemens-Konzern 8, 154-185, 1929) prepared cold drawn wires of Be in solid 
solution in Cu which showed [111] and [100] directions along the wire axis. Annealing these at 
350° precipitated a compound of CsCl structure with both [110] and [100] directions in the 
axis of the wire, the first of which is “a typical crystal position for (fibered) body-centered 
lattices.” Their comparison to ordinary body-centered fibering is without significance because 
the precipitate was absent when the wire was drawn. The preferred orientation of the precipi- 
tate is not due to processes of slip in the precipitate itself, but is due to the precipitate forming 
with definite orientation on certain planes of the solid solution. Young (Proc. Roy. Soc. A112, 
630, 1926) observed such a relation of orientation in meteorites. Similarly, a solid solution of 
Ag in Al (21.3% Ag) precipitates on (111) planes, with (00.1) hexagonal close-packed precipi- 
tate planes parallel to (111) solid solution planes and with [11.0] and [110] directions in these 
planes parallel, as determined by an analysis of x-ray diffraction from wires. 
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42. An x-ray determination of crystal orientation in silver sheet, produced by cold rolling. 
CLEVELAND B. HoLLaBauGn, The Pennsylvania State College. (Introduced by Wheeler P. 
Davey.) —Sheet silver, 99.9°%, free from preferred orientation was rolled in 2 1,4 inch rolls and 
the orientations determined after each pass using the method of Davey, Nitchie and Fuller. 
(Mines and Met. Tech. Pub. 243, E, 88.) Two symmetrical orientations were found which 
were independent of the technique of rolling. To picture the resulting preferred orientation, 
visualize a face-centered cube, with the cube face parallel to the surface of the sheet and with 
the face diagonal in the direction of rolling. Using the other face diagonal as an axis, rotate the 
cube until this diagonal makes an angle of not less than 10°, nor more than 42° with the surface. 
Allow this cube to be rotated at random about the rolling direction as an axis. Any point in 
this random rotation is within the preferred ranges, provided the face diagonal is in its range of 
positions. In one of the preferred orientations the direction of rotation is such as to raise that 
end of the face diagonal which points to the end of the foil entering the rolls first. The 
other orientation lowers this end of the face diagonal. 


43. Radial-asterism in multi-crystalline materials. C. Nuspaum, Case School of Applied 
Science.—The phenomenon of radial asterism as seen in a Laue photograph of a distorted single 
crystal is generally attributed to internal strain, whether the strain is produced by a uniform 
bending moment, compression or tension. It is thus a suitable means for the detection of the 
presence of internal strains in multi-crystalline materials. A study has been made of radial 
asterism in such iron samples when subjected to a variable but uniform bending moment. The 
results are qualitative in nature but are related to the magnitude of the distortion. 


44. An x-ray study of very pure iron. 0. L. Roperts. The Pennsylvania State College. 
Iron, from chemically pure ferric nitrate, (Baker’s Analyzed), was precipitated as the hydroxide 
and reduced to the metallic state by oxygen-free, dry hydrogen. The metallic powder was 
pressed into wire form, sintered and swaged. This should give a strictly carbon-free iron. 
Spectroscopic tests show that the iron is especially free from these impurities. Diffraction 
patterns were obtained at various temperatures close to the recalescence temperature so as to 
find the lowest temperature which would cause the change from the body centered to face 
centered cubic structure. The whole apparatus, including photographic film, was inclosed in 
an atmosphere of hydrogen. Grain growth was found to take place to a large extent. Face 
centered cubic structure exists at 921°C. 


45. The effect of an electric field on the x-ray diffraction pattern of a liquid. Ronavp L. 
McFartan, University of Chicago.—aAn investigation is made of the effect produced on the 
x-ray liquid diffraction pattern by an electric field so designed as to give the Kerr effect for the 
liquid under examination. The liquid diffraction pattern is obtained by replacing the crystal 
of a Bragg spectrometer with a cell containing the liquid. The electric field is applied approxi- 
mately normal to the x-ray beam. Under a potential gradient of 9 kv per cm nitrobenzene shows 
a 2.3 percent increase in the intensity of the diffraction peak, while for a gradient of 5 kv per 
cm it shows an 0.8 percent increase. Benzene, which shows no Kerr effect for the type of field 
used, gives a 0.3 percent decrease in peak intensity, the potential gradient being 9 kv per cm. 
The probable error in all these cases is 0.3 percent. There is thus indicated a small but de- 
tectable tendency of the nitrobenzene molecules toward a definite orientation with respect to 
the electric field. 


46. X-ray diffraction in water 2° to 98° C: The nature of molecular association. G. W. 
STEWART, State University of Jowa.—X-ray diffraction ionization curves of water show (1) 
the presence of two definite peaks corresponding to the separation of diffraction planes of 
3.27A and 2.11A; (2) the practically constant diffraction intensity of one peak over the 
temperature range, 2° to 98°C as compared with the gradual disappearance of the second peak 
with increasing temperature; (3) correspondence in angle of diffraction between these peaks 
and the chief diffraction intensities with ice crystals; and (4) the increase of peak width with 
increasing temperature with a movement indicating less distance of planes. It is difficult to 
reconcile these results with what was formerly regarded as the alteration, in complexity of 
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the water molecule. The simplest explanation emphasized by all the experiments in x-ray 
diffraction in liquids, is that the so-called molecular complexity is the arrangement of molecules 
in more or less orderly groups with intermolecular forces of distinct magnitude. With tempera- 
ture increase the nature of the group changes, one set of planes becoming more poorly defined 
because of more slippage and less orderly arrangement. The alteration in grouping is also 
shown by the decrease in distance between planes. The group arrangement (cybotactic condi- 
tion) describes the nature of what has formerly been termed “association” and what is now 
regarded by Longinescu as “molar concentration.” 


47. Electron distribution in the chlorine ion. G. G. HAkveEyY Anp G. E. M. JAUNCEY, 
Washington University, St. Louis—Jauncey and Claus (Phys. Rev. 31, 717 and 32, 12 (1928)) 
have obtained theoretical F values for the chlorine ion in rocksalt from the assumption of a 
Bohr model in which the Compton effect has been taken into account according to the method 
of Jauncey (Phys. Rev. 29, 757 (1927)). These theoretical values were in fair agreement with 
the experimental values. It occurred to the writers to subject both the Jauncey and Claus 
theoretical F curve and the experimental F curve for chlorine to a Fourier analysis, thus ob- 
taining a U curve. The U’ curves for different values of D, the grating space, calculated from 
the experimental F values are independent of the value of D used, being practically super- 
posable. Such is decidedly not the case with the theoretical curves, the general shape changing 
as well as the peaks shifting. This seems to show that the Compton effect cannot be taken 
account of in the way proposed by Jauncey and supports the theoretical finding of Waller 
(Phil. Mag. 4, 1228) and Wentzel (Zeits. f. Physik 43, 1 and 779) that a Schroedinger charge 
density may be assumed for the atom and the Compton effect disregarded in calculating F 
values. 


48. Temperature effect in diffuse scattering of x-rays from rocksalt. W. D. CLaus, 
Washington University, St. Louis. (Introduced by G. E. M. Jauncey.)—According to Debye 
(Ann. d. Physik 43, 49 (1914)), the intensity of x-rays diffusely scattered in a direction ¢ froma 
crystal should be equal to that scattered from an amorphous substance, multiplied by the 
temperature factor (1—e~“). Experiments by Jauncey (Phys. Rev. 20, 421 (1922)) show that 
the intensity scattered is proportional to sin (¢—6)/ {sin (¢@—6)+sin 6} as predicted, where @ 
is the crystal angle. Experiments are at present being conducted to test the temperature effect. 
In the temperature range 295° to 135°K, a decrease of approximately 50 percent in intensity 
is to be expected (depending on slightly different assumptions used in calculation) for ¢=30° 
and 60°. Results to date indicate a decrease of not more than 5 percent, in no wise comparable 
to the expected effect. 


49. Spectroscopic analysis of scattered x-rays. J. A. BEARDEN, Johns Hopkins Uni- 
versity.—Davis and his collaborators using a double crystal spectrometer have found a fine 
structure in the spectra of scattered x-rays. Several investigators using a single crystal method 
have failed to find any fine structure. The present experiment is a repetition of Davis’ experi- 
ment using a double crystal spectrometer on the unmodified line. Greater scattered x-ray 
intensity has been obtained by using a line focus tube and placing the scattering blocks of 
aluminum and graphite about 5 mm from the focal spot. Two wave-lengths were used, the 
Ka,Ka, line of silver and the Kq,Ka, line of copper. The capacity of the electrometer system 
was about 12 cm and the sensitivity of the electrometer 20,000 scale dimension per volt. No 
fine structure lines of one tenth the intensity of the Kg, line have been observed. Chemical 
analysis of the scattering blocks showed no trace of copper or silver as an impurity. Measure- 
ments have also been made on the Compton shift which agree very closely with the equation 
5\ =(h/mc)(1—cos 8). 


50. Scattering of x-rays and the distribution of electrons in helium. AkTHUR H. Compton. 
University of Chicago.—An analysis of the theory of scattering of x-rays by monatomic gases 
makes it possible to express the probable distribution of the electrons in the atom as a Fourier 
integral. To evaluate this integral it is necessary to know the intensity of scattering of x-rays 
of known wave-length at different angles. With data recently obtained by C. S. Barrett the 
distribution of electrons in atoms of helium gas is thus determined. This distribution agrees 
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satisfactorily with that calculated by Pauling from wave-mechanics but differs by more than 
the experimental error from that predicted from Bohr’s theory. 


51. A direct-reading two-crystal spectrometer for x-rays. KF. K. RicnrMyer, S. W, 
BARNES AND E, RaMBERG. Cornell University —The two-crystal spectrometer developed by 
Bergen Davis and others provides a means of obtaining monochromatic x-rays of high inten- 
sity. Such a spectrometer, reading wave-lengths directly in angstroms, has been constructed, 
using the principle described by Nicholas (J.O.S.A. & R.S.1. 14, 61, Jan. 1927) for the single 
crystal instrument. Details of construction and adjustment are described; and sources of error 
are discussed. The instrument is capable of absolute measurement of wave-lengths, with very 
high precision. 


52. A vacuum spectrograph for the precision measurement of x-rays of long wave-length. 
Cart E. Howe, Oberlin College—The spectrograph has four unique features which make it 
fitted for precision measurements. (1) A slit system, consisting of five slits each one thousandth 
of an inch wide, excludes optical light and gives excellent collimation of the x-rays. (2) An 
x-ray tube with interchangeable targets, mounted on a micrometer slide enables the focal 
spot to be readily lined up with the fixed slit system. (3) A universal grating support permits 
the plane grating to be set at any desired angle and to be removed in vacuo from the path of the 
x-rays without disturbing any adjustments. (4) A set of two parallel plate holders at a fixed 
and known distance apart, placed at right angles to the slit system, permits accurate measure- 
ments of angles from the lines recorded on the two plates at different distances from the 
grating. The slit system and grating support are mounted as one unit which may be completely 
removed from the rest of the spectrograph for the purpose of making adjustments. 


53. An instrument for high-voltage x-ray spectrography and radiography. FREDERICK 
SILLERsS, Jk., Follansbee Bros. Co. (Introduced by Wheeler P. Davey).—-The increasing applica- 
tion of the x-ray diffraction method of crystal analysis to the study of materials of construction 
has led to the desire, in certain fields, for a more rapid method of obtaining results. Such a 
method may involve the adoption of higher voltages than are now in general use for this type 
of work. An instrument suitable for use with these higher voltages (in the neighborhood of 
200 kv) will be described. The instrument consists essentially of a lead-lined drum equipped 
with four pin-hole or slit diffractometers, as well as an opening for radiographic exposures. It 
is adapted to a standard 200 kv installation employing a Coolidge tube. The instrument is so 
designed that comparable intensities of x-rays at all four diffractometers are available, rendering 
practicable the comparison of different patterns. Through the use of the present instrument 
x-ray spectrograms, by direct transmission, of coarse-grained polycrystalline material; e.g., 
high-silicon sheet steel about 0.02 in. thick for electrical uses, may be obtained in less than an 
hour. If radiographs are desired during the course of any study, they may be obtained by 
rotating the tube 90° on its axis. 

Points to be discussed deal with strained materials, intensifying screens, optimum voltage, 
intensity variations, and radiography of fine effects. 


54. The dielectric constants of aqueous KCI solutions. ALLEN Astin, National Research 
Fellow, The Johns Hopkins University —Probable causes of the many discrepancies in exist - 
ing data on the dielectric constants of aqueous electrolyte solutions have been determined and 
methods of either eliminating them or correcting for them worked out. It is shown that by 
use of a voltage resonance method, (Jezewski, Zeits. f. Physik 48, 123 (1928)); (Kneikamp, 
Zeits. f. Physik 51, 95 (1928)); (Lattey and Gatty, Phil. Mag. 7, 985 (1929)) and (Astin, Phys. 
Rev. 34, 300 (1929)), the necessary corrections are considerably simplified. The voltage re- 
sonance curve is also shown to be symmetrical, regardless of the amount of damping. The 
corrected results show that the dielectric constants of aqueous KCI solutions from concentra- 
tions of 0.00025N to 0.01N are no different from that of water, at least within the limit of error 
of the measurements. The probable error of the corrected results is 2 parts in 1000 at 0.001N. 
and 6 parts in 100 at 0.01N. The uncorrected results show an apparent decrease of the dielectric 
constant similar to that reported by most other observers. The magnitude of this apparent 
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decrease may be varied by changing either the frequency, the size of the test condenser or the 
dimensions of the leads. The lowering of the dielectric constant in solutions which was pre- 
dicted by Hiickel (Phys. Zeits. 26, 93 (1925)) is much smaller than any reported experimentally 


and is too small to be detected with the limit of error reported here. Frequency employed is 
1.8 10°. 


55. Time lag in changes of electrical properties of rubber with temperature and pressure. 
ARNOLD H. Scott, Bureau of Standards.—When the temperature of rubber is suddenly (within 
five minutes) changed from one value to another, the electrical properties do not at once assume 
their final values. Two hours or more may be required for the dielectric constant, power factor, 
and resistivity to become constant. Part of the data for one specimen are given in the following 
table: 





Time after specimen Equilibrium Temp. corre- 
reaches 150°C Dielectric Power Factor sponding to dielectric 
(125° Change) Constant Percent constant and power 

Minutes factor 
3 3.07 2.96 107°C 
15 3.32 7.83 120 
25 3.83 8.87 128 
63 4.32 6.22 144 
155* 4.39 4.42 150 


* (Equilibrium) 


This time lag was studied with specimens of several compositions from soft to hard rubber 
following temperature changes varying in amount from 75 to 125°C. Data on the time lag with 
pressure were obtained on only one specimen using pressures between 1 and 700 atmospheres. 
Twenty-four hours were required for the electrical properties to become constant. 


56. Changes in the specific resistance of aluminum. G. E. Davis Anp GILBERT GREEN- 
woop, University of Rochester —Measurements on aluminum wires confirm previous investiga- 
tions concerning the increase of specific resistance with cold-working. Tammann attempted to 
explain this increase by assuming particle orientation. Such orientation has since been found 
in the fibrous texture of drawn wires. This explanation, however, requires anisotropic electrical 
properties of the metallic crystals. Such anisotropy is most unlikely in cubically crystallized 
aluminum. Furthermore aluminum wires, annealed until the increase in specific resistance is 
lost, show distinctly fibrous texture. The increase in specific resistance has sometimes been 
ascribed to lattice distortions caused by the stresses of cold working. v. Arkel investigated 
such distortions by the effects produced in Debye-Scherrer photographs. The a-lines in such 
photographs are actually doublets (Ka; and Ka:), the sharpness of resolution of which de- 
creases with increasing lattice distortion. Aluminum, completely annealed or cold-worked to 
different degrees, always shows a sharp resolution of these doublets. Distortions of the v. Arkel 
type cannot, therefore, be responsible for the increased resistance. Dehlinger discussed dis- 
tortions extending throughout very minute regions of the lattice—possibly only along the 
surfaces of the particles. Such distortions would not cause a decrease in the sharpness of the 
doublets, and might be responsible for the increased specific resistance. 


57. Contact resistance and microphonic action. F.S. Goucner, Bell Telephone Labora- 
tories.—An experimental study of single contacts between granules of microphone carbon, the 
contact forces being of the order of 1 dyne. For established contacts Ohm's Law is obeyed up 
to 0.1 volt. The resistance decreases with increase of temperature, the temperature coefficient 
of resistance being of the same order of magnitude as that of solid carbon wires produced by a 
heat treatment which is similar to that used in the preparation of the microphone carbon. 
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Above 0.1 volt (up to 1.0 volt) there are departures from Ohm's Law which can be accounted 
for by the theory of contact temperature as a function of voltage when a reasonable value of the 
Wiedemann Franz ratio for carbon is assumed. The conclusion is that the conducting portions 
of such contacts are carbon to carbon. The temperature coefficient of resistance of a contact 
varies in a reproducible, but non-systematic manner as the resistance is changed in a reversible 
resistance force cycle. This shows that new surfaces having coetlicients different from the 
average value are inserted into or removed from the circuit during the cycle. 


58. A theory of the resistance of alloys. L. W. Norpueim, University of Goettingen 
(Introduced by Alpheus W. Smith.)\—According to the new (Sommerfeld-Houston-Block) 
theory of metallic conductivity any resistance in a conductor is due to an imperfection of the 
crystal lattice. Thus the ordinary resistance is due to the heat motion of the atomic ions, and, 
therefore, is essentially dependent on the temperature, and vanishes at the absolute zero point. 
In alloys an additional disturbance is introduced because of the irregular distribution of the 
constituents. This disturbance can be calculated and gives the additional resistance, which is 
independent of temperature. Most facts about the resistance of alloys are easily explained by 
this picture. Formulae are given for the simplest cases, which are in good agreement with 
experiment. 


59. Shot effect of the emission from oxide cathodes. H. N. Kozanowsk1 (Jntroduced 
by N. H. Williams, University of Michigan.)—Fluctuations in the electron space current from 
barium-strontium oxide cathodes at low accelerating potentials are many times as large as 
those observed in the case of currents from metallic emitters. When space charge is obliterated 
by the use of high accelerating potentials, the true value of the electronic charge, as predicted 
by Schottky, is obtained. The results indicate that at low accelerating potentials, positive 
ions leave the emitter, and travel into the space charge region under the action of the reverse 
space charge field. Due to the low mobility of the positive ion, large groups of electrons are 
affected by each positive ion, thus causing large, sudden variations in the space charge. A tube 
containing a tungsten filament and a Kunsmann emitter surrounded by a cylindrical collector 
gives the normal shot effect when only the tungsten is heated. The same abnormally high 
values observed with the barium-strontium emitter are obtained with this tube with a low 
accelerating potential when positive ions emitted from the Kunsmann emitter interact with 
the electron space charge around the tungsten filament. Even in this case, the true value of the 
electronic charge is obtained when the space current is temperature limited. 


60. Effect of positive ion shot effect on space charge limited electron currents. LLoyp I. 
SmitH, Cornell University —A transcendental equation has been derived which relates the 
electron current between two parallel plane electrodes (one of which is a hot cathode emitting 
positive ions as well as electrons, and the other is a collecting electrode at a potential positive 
with respect to the cathode) to the total positive ion emission as well as the difference of poten- 
tial between the electrodes, their distance apart, etc. Curves have been plotted which give the 
electron current to the collecting electrode as a function of the total positive ion current at 
various collector voltages. From such relations, the variation in the electron current produced 
by statistical variations in the positive ion emission can be obtained. Such variations are large 
compared to the ordinary shot effect. This is to be expected since a positive ion moves rela- 
tively slowly through the space charge region liberating a group of electrons during one transit. 
From the curves it is possible to obtain the difference of potenial between the electrodes, at 
which the fluctuations of the positive ion current produce the greatest variation in the electron 
current. 


61. Studies of abnormal shot effect in gaseous discharges. Joun S. Donat, JR., Uni- 
versity of Michigan. (Introduced by N. H. Williams.)—Space charge limited electron currents 
from hot filaments have been found to exhibit extremely abnormal fluctuations when the tube 
contained argon gas. The abnormality is due to the release of groups of electrons from the 
space charge region by the positive argon ions. A detailed study has been made of the variation 
of the abnormal fluctuations with the field, filament temperature and gas pressure, the results 
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have obvious application to the elimination of extraneous noises in vacuum tubes. Positive 
ion currents of the order of one microampere have been obtained from tungsten filaments 
undergoing attack by oxygen. These ions, when trapped in the minimum of potential surround- 
ing a hot cathode, produce very abnormal fluctuations in space charge limited electron currents. 
An expression for the resulting shot voltage has been developed, which permits the calculation 
of the average anode current increase due to each positive ion, and the average time of life 
of the ions in the’ space charge region. When the positive ions are accelerated to a cold cathode, 
an abnormal shot voltage is obtained which is unusual in being independent of the positive ion 
current. 


62. Effect of adsorbed thorium on the thermionic emission from tungsten. WALTER H. 
Brattain, Bell Telephone Laboratories—The thermionic emission from a tungsten ribbon 
filament on which thorium was deposited, has been investigated. The thorium was derived from 
a thorium filament placed parallel to one face of the tungsten ribbon. For each successive equal 
amount of thorium deposited, the corresponding increase in the logarithm of the emission, 
for a given temperature of the tungsten ribbon, was smaller and smaller until the emission 
reached a maximum. Continued deposition of thorium caused the emission to decrease and 
finally approach a stationary value. Further investigation indicated that migration of the 
thorium to the back side of the tungsten ribbon took place at an appreciable rate at 1500°K. 
At approximately 1800°K. there was definite evidence of diffusion of thorium into the tungsten 
ribbon. At higher temperatures, the thorium evaporated from the tungsten surface. 


63. The ion-grid theory of the decrease in work function for composite surfaces. J. A. 
BeckeER, Bell Telephone Laboratories ——When electropositive atoms are adsorbed on electro- 
negative surfaces, some of the atoms are ionized. These adsorbed ions act like a positively 
charged grid very close to the cathode. For a large plane surface, this ionic grid produces strong 
fields close to the surface but only small fields at larger distances. As a result, the work function 
is reduced by 47o/ and the emission current saturates as well as it does for clean surfaces. 
oa =charge per cm*; /=distance of ions above surface. In most experiments, however, the sur- 
face consists of irregularly oriented facets or else the ions form clusters due to the presence of 
electronegative gases. In these cases the distribution of the fields is greatly dependent upon the 
size of the facets or clusters. Computation shows that for small applied fields, the work 
function is decreased by a fraction of 4rel. As the applied field increases, this fraction increases 
and the emission current increases much more rapidly than for clean surfaces. For large fields, 
the current saturates as well as or even better than for clean surfaces. Numerous experimental 
observations are accounted for by the finite extent of the ion-grid. 


64. Grid glow tube relays. D. D. KNow.es anv S. P. Sasnorr, Westinghouse Elec. 
& Mfg. Co., East Pittsburgh —The name Grid Glow Tubes applies to a line of gaseous dis- 
charge glow and arc tubes, the breakdown of which is controlled by means of a grid. They are, 
then, essentially relays having a discontinuous grid-voltage plate-current characteristic 
These tubes are made in two general types: tubes with a cold cathode and tubes in which the 
negative electrode is a hot filament—the characteristics of both types being similar. Grid Glow 
Tubes have been made in sizes ranging from a few milliamperes of plate current up to several 
hundred amperes. They can be filled with one of the inert gases neon, argon, or helium or with 
mercury vapor. A study of the behavior of these devices must necessarily include that of the 
type of circuit in which they are to be used. A series of curves plotted for both a.c. and d.c. 
voltages on the plate, a.c. and d.c. grid bias and various self biasing schemes are given. The 
effect of phase shift between the grid and plate voltages when alternating current is used is also 
illustrated. 


65. The radioactivity of Stone Mountain. James A. HooTMAN AND W.S. NELMs, Emory 
University —The radioactive content of the waters which issue from the base of the unique 
geological formation known as Stone Mountain (Georgia) was determined. Tests were made of 
a number of large springs well distributed around the base of the mountain, and of other 
shallower sources above and below the 1000 foot level. The method employed was the Schmidt 
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Shaking Method, in which a known volume of water is thoroughly shaken with a known volume 
of air in a closed container. The resulting mixture of air and radium emanation is then pumped 
into an electrescope, and the rate of fall of the leaf is a measure of the radioactivity of the water. 
The electroscopes were calibrated by means of the Duane and Laborde formula, and cor- 
rections were made for temperature and pressure. This method has been shown by Ramsey to 
have an accuracy of about 3°%. A majority of the springs tested were highly radioactive, the 
value for the highest being 15,980 X107-'* Curies per litre. This value is nearly twice the 
maximum reported by Boltwood for fourty-four radioactive springs, and more than half as 
large as the maximum reported by Lester for one-hundred-seventy-eight mineral waters of 
Colorado. 


66. The measurement of the intensity of gamma rays of radium in r-units. Orro GLASSER 
AnD V. B. Seitz, Cleveland Clinic Foundation.—-Determinations of the intensity dsitribution 
of gamma-rays were made under various experimental conditions with a condenser intensito- 
meter previously described. By using small ionization chambers and a system unaffected by 
penetrating radiations the difficulties usually encountered in such measurements were greatly 
reduced. The intensities obtained are given in r-units. 


67. Disintegration constant of actino-uranium and ratio of actinium to uranium. ALols F. 
Kovarik, Vale University.--With data of Fenner-Piggot and of Aston for br ggerite, Karlhus, 
Norway, and also Aston’s 206, 207, 208 line intensities in common lead mass spectrum in 
conjunction with my age formula (Phys. Soc., April 1929) amounts of common lead and AcD 
are calculated. AcD, uranium, and actinium: uranium ratio (3%) lead to \=2.5 107° yr! or 
T=2.7X10°8 yr. Boltwood’s 8° (N. Car. uraninite), Hahn-Meitner’s 3°% (pitchblende) and 
others, including recent work of Wildish, indicate a variation of the ratio with age of mineral. 
Considerng actino-uranium an isotope of uranium initially in correct proportion to UI, the 
ratio should vary and 400 million years difference in the age of the minerals will bring Bolt- 
wood’s and Hahn-Meitner’s values into agreement. Furthermore, calculation of this ratio for 
the age of Keystone, S. D., uraninite (1462 million years) gives 0.6°% and for Sinyaya Pala, 
Carelia, uraninite (1852 million years) gives0.25°%. The latter values receive a check if AcD is 
practically the only lead isotope left after subtracting RaG and ThD from the total. Brogger- 
ites and cleveites do not give such a check because considerable amount of common lead is 
present. 


68. An attempt to detect deBroglie waves of hydrogen atoms. THoMAs H. JOHNsoON, 
Bartol Research Foundation.—Earlier work on the reflection of atomic hydrogen from NaCl 
failed to reveal deBroglie wave diffraction patterns. This was not unexpected because of the 
low intensity of the specular reflection and the great intensity of the diffuse background, 
arising principally from the reemission of adsorbed atoms. Lithium fluoride presents a much 
more favorable opportunity for detecting the wave character of atomic hydrogen. The specular 
beam is very intense and there is no reemission of monatomic hydrogen. The MoO, detecting 
plate therefore records only elastically reflected atoms. First order surface-grating bands from 
the LiF lattice were expected with abrupt maxima separated from the specular beam by 
20° to 30°. These bands were found, showing that the total number of atoms going into any one 
is certainly less than 5% of the number in the specular beam. If the crystal was heated to 
600° C a diffuse band appeared extending asymmetrically to about 20° on either side of the 
the specular beam. With the crystal at room temperature this largely disappeared. 


69. Satellites of electron diffraction beams. H. E. FArNswortn, Brown University.— 
While investigating electron diffraction by a copper crystal, for normal incidence on a (100) 
face, certain beams have been found which require a refractive index of unity. A search for 
other weak beams of this nature reveals a whole set of such beams which accompany the 
intense diffraction beams. In many cases these satellites are so close to the regular beams 
that they are not completely resolved, and hence are not observed by the usual method of 
measurement. In the (100) azimuth the satellites which accompany the 4 first-order beams 
below 325 volts all occur within 2 volts of the theoretical values for unit refractive index; 
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that of one second-order beam occurs within 11.9 volt; that of the other second-order beam is 
missing. In the (111) azimuth, the satellites of 3 first-order beams are within 2.7 volts of theo- 
retical values; that of the other first-order beam below 325 volts is within 7.3 volts; those of 
2 second-order beams are within 5 volts; that of the other second-order beam is within 19.5 
volts; that of 1 third-order beam is within 5 volts. These satellites are as sharp in voltage and 
colatitude angle as the main diffraction beams, and are not confined to large colatitude angles. 
Hence they are not due to a two-dimensional surface grating. The significance of these diffrac- 
tion beams is discussed. 


70. The capture of electrons by alpha-particles. A. H. BArRNEs, BERGEN DAVIS AND 
H. L. Hui, Columbia University.—Abstract of this paper is withheld for revision by the 
authors. 


71. Absorption of sodium vapor in the extreme ultraviolet. S. A. Korrr Anp J. L. 
NICKERSON, Princeton University—Employing a vacuum spectrograph, sodium vapor was 
examined for absorption in the region from 1300 to 300 Angstrom units, againt a background 
of many lines. Vapor pressures used ranged up to 1 mm of Hg. No broad absorption peaks were 
observed in this region. Extremely narrow peaks would not be distinguishable, however, by 
this test. This region includes the point at twice the series limit, or 1205.9 Angstrom units. 
In general, sodium vapor was found to be almost perfectly transparent to radiation in the 
observed range. 


72. Most probable 1930 value of the electron and related constants. R. A. MILLIKAN, 
California Institute of Technology.—This paper discusses, in the light of Zwicky’s results on 
the block structure of crystals, the reliability of old and new measurements on the relations of 
e and hk, and by combining experimental and theoretical considerations assigns most probable 
1930 values to these constants. 


73. The nature of cosmic radiation. L. F. Curtiss, Washington, D. C.—-Two Geiger- 
Miiller tube counters placed vertically above each other show, in addition to accidentals, 
coincidences which have been ascribed to cosmic rays. Absorption experiments by Bothe and 
Kohlhérster indicate that these rays are corpuscular. The author has made observations with 
the poles of a large electromagnet between two counters, recording the number of coincidences 
with and without the magnetic field. With the field used of 7000 gauss over an area 24 cm in 
diameter, a parallel beam of 10° volt electrons which passes through the upper counter would 
be deflected sufficiently just to miss the lower counter in spite of the fact that the Hp for such 
electrons is approximately 310°. Since the radiation is actually diffuse with a maximum in 
the vertical direction, using two counters one can expect only a slight decrease in the co- 
incidences if they are caused by high-speed electrons. However, if they are due to ultra y-rays, 
no such effect should be observable. Making the theoretical allowance for accidentals, a de- 
crease of the order of 25% has been observed in the coincidences which may be attributed to 
cosmic radiation. This confirms the existence of a corpuscular radiation of very high energy. 


74. The absorption of acetylene and ethylene in the near infrared. RicHArp M. BADGER, 
California Institute of Technology. (Introduced by Richard C. Tolman).—The absorption spectra 
of gaseous acetylene and ethylene have been investigated photographically in the region 
6800A-9200A. In the case of acetylene a band with very sharp lines, and showing marked 
intensity alternation was found, with center at about 7886A. It resembles a band found by 
Levin and Meyer at 3.0u, of which it is probably a harmonic, but shows strong convergence 
on the short wave length side indicating a considerable increase in the average moment of 
inertia due to oscillation. In the case of ethylene a band was found with center at about 8706A 
which apparently also shows convergence, but which has a rather complex structure. An in- 
vestigation of the structure of these bands is in progress. 


75. The effect of high pressure on the near infra-red absorption spectra of certain liquids. 
J. R. Cottins, Cornell University.—The state of polymerization of liquids composed of polar 
molecules is supposed to depend on the temperature, pressure, etc. The near infra-red absorption 
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bands of these substances, which are due to molecular vibrations, should be affected by changes 
in the state of polymerization, and hence also by changes in the temperature, etc. Experiments 
have shown that changes in the temperature changed the spectral position and intensity of 
absorption bands of water and certain alcohols, while the bands of benzene, a nonpolar sub- 
stance, were unaffected by changes of temperature. The present experiments are measurements 
of the absorption of water, methyl alcohol, and iso amyl alcohol as examples of polar sub- 
stances, and of toluene as a nonpolar substance, when these substances were subjected to 
pressures up to 5000 atmospheres. The pressure chamber was designed by P. W. Bridgeman 
and the measurements were made in the Jefferson Laboratory at Harvard University. No 
change was found in the position of any of the absorption bands studied. The conclusion is 
made that, in this pressure range, the state of polymerization does not depend on the pressure. 


76. Bismuth-black and its applications. A. H]. Prunp, Johns Hopkins University. -lf a 
bit of bismuth be evaporated from a spiral of incandescent tungsten wire in a space evacuated 
to a pressure of about 0.25 mm of mercury, the bismuth is deposited as an intensely black 
film. For visible light, the diffuse reflectivity of ‘“bismuth-black”’ is but one sixth that of cam- 
phor black. Tests have shown that bismuth-black films which are opaque to visible light, 
transmit and reflect at normal incidence, less than 1°% of infra-red radiation out as far as 13u. 
It-was decided to use this new material on the receiving areas of delicate thermopiles, radio- 
meter vanes, etc. Quite apart from the blackness and small heat capacity of bismuth-black, 
a further advantage is gained because of the circumstance that the most delicate surfaces 
may be blackened without the least danger of harming them. Because of the fineness of the 
particles, films of bismuth-black on plate glass reflect specularly at grazing incidence. Films 
which are rough at all angles of incidence may be produced by depositing, first, an extremely 
thin (grayish) film of soot from burning camphor upon which the bismuth-blac\, is subsequently 
thrown down. It appears that the soot particles act as centers of condensation and, as a result, 
the bismuth-black is built up in the form of minute pyramids. Delicate surface bolometer’s 
were made by forming a layer of nitrocellulose so thin as to show first-order Newton's colors. 
Upon this film was deposited a highly reflecting film of bismuth. The best attainable vacuum— 
less than 10-* mm Hg—was required. This film was an excellent conductor for electricity. 
Air was then admitted so as to raise the pressure to 0.25 mm and the absorbing film of bis- 
muth-black was thrown down. This general mode of procedure is being applied to the con- 
struction of thermopiles. 


77. The effect of aberrations in limiting the resolving power of infra-red spectrometers. 
R. BowLinG BARNEs AND A. H. PFunp, Johns Hopkins University —Because of the increasing 
demand for high dispersion infra-red measurements, it seems timely to call attention to some 
of the difficulties which arise when very small ‘‘slit-widths”’ are used, and to a method of over- 
coming them. In the usual spectrometer, concave mirrors must be used off the optic axis, 
and unless these are parabolized along the proper axes, noticeable aberrations are present. 
Due to astigmatism and coma the slit image is broad and accompanied by a diffuse wing. If 
the eye is placed behind S:, and the grating viewed in monochromatic light only a small 
portion of it will be illuminated, the jaws of the narrow slit having blocked out the light from 
some parts. One then, never gets the advantage of the full aperture, and the spectrum used 
is very impure. By a method somewhat similar to that described by Pfund (J.O.S.A., April 
1927), spherical mirrors of aperture f - 4 can be used along the optic axis, and to full advantage. 
The radiation, after falling upon each of the spherical mirrors, 14, and M,, is reflected along 
the axis to the plane mirrors, M. and M, respectively. These mirrors, containing oversized 
slits at their centers, are placed just in front of the slits S; and S:, and are inclined to the optic 
axes at the desired angles. With this arrangement the eye looking through S:, sees the entire 
grating filled with light no matter how narrow the slits are made. This is a necessary result 
if one wishes to work with very small “‘slit-widths”’. 


78. On the theory of the Brownian motion. L. S. Ornstein, University of Ultrecht, 
Holland ann G. E. UHLENBECK, University of Michigan—Using a method first indicated 
by Ornstein (Proc. Acad. Amst. 21, 96, 1917) the mean values of all the powers of the velocity 
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u and the displacement s of a free particle in Brownian motion are calculated. It is shown that 
u—uoexp(-St) and s—uo/8[1—exp(—t)] where uo is the initial velocity and 8 the friction 
coefficient divided by the mass of the particle, follow the normal Gaussian distribution law. 
For s this gives the exact frequency distribution corresponding to the exact formula for 
of Ornstein and Fiirth. Discussion is given of the connection with the Fokker-Planck partial 
differential equation. By the method exact expressions are obtained for the square of 
the deviation of a harmonically bound particle in Brownian motion as a function of the time 
and the initial deviation. Here the periodic, aperiodic and overdamped cases have to be 
treated separately. In the last case, when § is much larger than the frequency and for values 
of t>s-', the formula takes the form of that previously given by Smoluchowski. 


79. A test of the Dalton-Gibbs law of partial pressures. Louis J. GiLLespie. Massa- 
chusetts Institute of Technology (Introduced by F. G. Keyes.)—According to Gibbs’ 
formulation the pressure of a gaseous mixture equals the sum of the partial pressures, P = 2), 
when ?; is conceived as the pressure of pure gas 1 that would just prevent the gas 1 in the 
mixture from escaping through a membrane permeable to it alone. This can be shown equiva- 
lent to the statement: The “density” (or concentration) of a gas is the same at equilibrium 
on either side of a membrane permeable to it alone. Examination of the data of Larson and 
Black and of Lurie and Gillespie shows the following: (1) The mole fraction of ammonia mixed 
with 3:1 hydrogen-nitrogen mixture at temperatures from —20 to +20° C, and of ammonia 
mixed with nitrogen at 45°, is greater than that calculated from the Gibbs formulation, by an 
amount that increases with the pressure at low pressures (50 atm. plus). (2) In the case of 
the hydroger:-nitrogen mixtures the difference appears to pass through a maximum at 100-300 
atmospheres. (3) The difference may reach 25% of the observed mole fraction. (4) Considered 
as a possible basis for the thermodynamic treatment of gaseous equilibrium the Gibbs formula- 
tion must be regarded as approximate, like its analog, the fugacity rule of Lewis and Randall. 


80. A rational basis for the thermodynamic treatment of mixtures of real gases. James A. 
BEaTTIE, Massachusetts Institute of Technology.—In the treatment of the thermodynamic pro- 
perties of gas mixtures several assumptions are necessary. It is now found that two assump- 
tions suffice: One relates to the isothermal variation of the energy of pure gases and the other 
to the isothermal variation of the ratio of the equilibrium pressure of a gas in a mixture to the 
total pressure multiplied by the mole fraction of the gas. From these two assumptions it 
can be shown that at infinitely low pressures the following relations hold for all real gases: 
(1) The laws of Boyle and Avogadro, (2) the energy, entropy, heat content and thermo- 
dynamic potentials of a mixture of gases are equal to the sums of the corresponding quantities 
for the component gases existing each by itself with the same value of its volume, temperature 
and chemical potential as in the gas mixture; (3) the energies and heat capacities of gases and 
gas mixtures are functions only of the temperature; (4) pu=nRT for pure gases and pu= , 
(m,)RT for gas mixtures where T is thermodynamic temperature. 


81. A thermodynamic theory of excitation of nerves. N. RAsHEvsKy, Westinghouse 
Elec. & Mfg. Co., East Pittsburgh, Pa.—In their ionic theory of nervous excitation, W. Nernst 
(Pflugers Archiv, 122, 275, 1908) and A. V. Hill (Journal of Physiology, 40, 190, 1910) con- 
sidered the motion of ions near a membrane, correspondingly between two membranes. Though 
the last case, worked out mathematically by Hill, accounts for the general features of the 
experimental excitation time curve, it does not account, without additional hypothesis, for 
the fundamental fact that the rate of increase of the exciting current is of prime importance. 
In the present paper, it is first pointed out that the boundary conditions, used in the mathe- 
matical treatment of Hill, cannot correspond to physically real cases, and a modified treat- 
ment is considered. Furthermore, it is shown that not only the general shape of the excitation 
time curve, but also the dependence on the rate of change of the exciting current, can be 
accounted for by purely thermodynamical considerations, which do not involve any special 
hypothesis about the ionic mechanism of excitation, and are based on considerations of sys- 
tems with several equilibria. 
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82. The energy of dissociation of normal Cd,. J.G. WiNANs AND R. ROLLEFsoN, Univer- 
sity of Wisconsin.—Kapuscinski and Jablonski (Zeits. f. Physik 57, 692, 1929) give an inter- 
pretation of the Cd absorption flutings between \2825 and 2590 which yields 1.0 volts for the 
dissociation energy of normal Cd2. From an interpretation of the Cd absorption band at 42212 
Winans (Phil. Mag. 7, 555, 1929) obtained 0.20 volts for this dissociation energy. Walter and 
Barrett found that cadmium vapor from which electronegative elements had been excluded 
failed to show the \2825-—2590 flutings but still gave the 2212 band in absorption. They 
attributed the flutings to impurities in the cadmium and the 2212 band to cadmium molecules. 
The value of the dissociation energy obtained from the flutings is therefore doubtful. Also 
one should not expect an energy of dissociation as high as one volt for molecules like Cdp. 
Since cadmium is a closed shell atom, a molecule formed by the union of two unexcited Cd 
atoms must be held together by polarization forces only. That such forces are too small to 
account for a large energy of dissociation of Cd: is made very plausible by consideration of 
the fact that the alkaline earths and helium which have a similar electronic configuration show 
no molecular absorption. The work of Koernicke on Hg, indicates that the energy of dissocia- 
tion of such molecules is of the order of 0.1 volts. 


83. The composition of the interior of the earth. A. A. BLEss, University of Florida.— 
The high density of the whole earth as compared with the density of the crust is usually ac- 
counted for by the hypothesis that the core of the earth is composed of iron. This hypothesis 
is inadequate for a number of reasons, the chief of which is that it gives an iron content for 
the earth much too high compared with the abundance of this element in the sun or in other 
stellar bodies. Without introducing such a radical hypothesis the high density of the interior 
of the earth may be explained as being due to the ionization of the materials composing the 
core, the ionization being produced by the collision of atoms moving with the high velocity 
of thermal agitation. A temperature sufficient to cause ionization by collision would be 
reached at a depth of 2000 miles if the temperature gradient observed near the surface remains 
constant for this distance. At a comparatively short distance from the surface the high tem- 
perature would cause decomposition of molecules. The permanent gases so liberated would 
form an envelope around elements which are solid at ordinary temperatures, these elements 
forming the core. The ionization of the material of the core by decreasing the size of the atom, 
would increase the density sufficiently to account for the observed mass of the earth. The 
suggested distribution of the material gives the proper value for the moment of inertia of the 
earth, and is also in qualitative agreement with data concerning the propagation of seismic 
waves. 


84. Striations and magnetic effect in electrodeless discharges. J. TyKOCINSKI-TYKOCINER 
AND JacoB Kunz, University of Illinois. —Electrodeless tubes filled with H, (0.01 mm Hg) were 
placed in the field of a coil with high frequency currents (3000-12000 kc.) of constant ampli- 
tude. Striations appearing in pairs were observed. Their number decreases with current 
density. Moving a tube away from a flat spiral coil is equivalent to decreasing the density of 
the discharge current, consequently the number of striations increases. At a certain critical 
distance the striations pass through a transitory stage of irregular movements to and fro and 
disappear then altogether giving place to a uniform glow. Striations were also obtained 
with the axis of the tube directed perpendicularly to the axis of the exciting coil, showing that 
the striations are not necessarily connected with ring discharges. A magnetic field applied per- 
pendicularly to the axis of the tube produces a rotational deflection of each striation clockwise 
and perpendicular to the direction of the magnetic field. This deflection may be interpreted 
by the Biot-Savart action of the magnetic field on the radial component of currents formed 
by carriers moving spirally with increasing radii around the axis of the tube and directed out- 
ward. A similar interpretation is applicable to striations produced by high frequency discharges 
in tubes supplied with inner or outer electrodes. 


85. High frequency electrodeless discharge characteristics. Orro STUHLMAN, JR., M. D. 
Waitaker, M. L. Braun, University of North Carolina.—These discharges are classed as pri- 
marily due to electrostatic and to electromagnetic fields. Excitation by damped and by un- 
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damped frequencies are considered. The investigation involved the production of a glow. 
discharge in mercury vapor as a function of frequency, pressure, current, and visual intensity. 
With a predominant electrostatic excitation and damped frequencies no simple relation was 
found to exist between visual intensity of the discharge and pressure, current, or frequency. 
However, consistent irregularities, characteristic of the gas and the mode of excitation, were 
obtained. With continuous wave and predominant electromagnetic excitation the minimum 
currents necessary to initiate, and necessary to sustain, the glow discharge were investigated 
at pressure ranging from 0.1 to 2.0 mm. For each frequency there exists a critical pressure at 
which the current through the coil required to initiate the glow discharge, and the current 
required to sustain it, are at minimum values. The ratio of these two currents is not constant 
for all pressures, but generally increases with increase in pressure. A characteristic arc transi- 
tion from spark discharge at high pressure to arc discharge at lower pressures, occurred near 
0.025 mm. 


86. Relative intensities of arc and spark lines of the electrodeless discharge in mercury 
vapor. O. P. Hart AND O. STrUuHLMAN, JR., University of North Carolina.—Excitation of dis- 
charge took place in a 12.5 cm spherical bulb placed inside a helical coil 14.544 cm when the 
latter was supplied with damped high frequency current. Three sets of spectrograms were 
taken—(A) Radiation intensity as a function of pressure with frequency and potential con- 
stant. (B) Intensity as a function of frequency with potential and pressure constant. (C) 
Intensity as a function of potential with frequency and pressure constant. Spectrogram 
series (A) showed that as the pressure was decreased (0.026 to 0.0005 mm) the intensity of 
the arc lines increased, whereas the intensity of the spark lines decreased. Series (B) showed 
that as the frequency of the excitation current was increased the intensity of the arc lines 
increased. No spark lines were observed at low pressures (0.0002 mm). Series (C) showed 
that as the potential between the terminals of the coil was increased the intensity of the arc 
lines increased. No spark lines appeared at this pressure (0.0002 mm). At low pressure and 
with increasing potential the triplet 4358, 5460, 4047 first appeared followed by the singlets 
5790, 4347, 3906 in order of decreasing intensities. 


87. Time lags in spark discharges at high overvoltages. J. C. Street, University, Va.— 
Further studies of the long time lags in dry filtered gases at high overvoltage, first reported 
by Beams and Street (Phys. Rev. 35, 658 A), have been made. Surge potentials were applied 
and the time lags were measured by a comparison method. Several enclosed gaps were con- 
structed and tested, care being taken to remove the residual ions. In each case for air, nitro- 
gen or hydrogen at atmospheric pressure the lags remained longer than 10~ sec. until fields 
of about 3X 10° volts per cm were reached. With an increase to 3.3 X 10° volts per cm the lags 
became less than 5 X107' sec. The magnitude of the field, at which the transition from long 
to short lags begins, is little affected by increase in pressure, amounting only to about 3.4 X 10° 
volts per cm at three atmospheres. On the other hand it is remarkably increased by a previous 
treatment consisting of discharges between the electrodes at reduced pressures in hydrogen. 
After this procedure, fields of 6105 and 5X 105 volts per cm for spherical electrodes of brass 
and steel respectively were required to produce lags shorter than 10~* sec. Fields of the same 
order of magnitude as those just mentioned were required to produce a spark under the same 
circuital conditions in high vacuum between the same electrodes. 


88. A direct measurement of the velocity of cathode rays. CHARLOTTE T. PERRY AND 
E. L. CHAFFEE.—The method used in this experiment makes no assumptions as to the law of 
deflection of moving electrons in magnetic and electric fields but measures the time of flight 
of the electrons directly in their passage over a distance of about 75 cm. Electrons are pro- 
jected through a long tube by a potential E. In their journey they pass through two very 
localized alternating electric fields. These deflecting fields are produced by a very high fre- 
quency Oscillator connected so that the fields are 180° out of phase. Only those electrons 
which pass when the fields are zero reach the end of the tube. The time required to travel 
the distance between fields is an even multiple of the half period of oscillation of the fields. 
The accuracy of determination of velocity is better than 0.1% and results are given for 
various driving voltages E. 
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89. The ionization of helium and neon by electron impact. PuiLir T. SmirH AND JOHN T. 
Tate, University of Minnesota. The total positive ion current per electron per centimeter 
path has been measured as a function of the energy of the impacting electrons up to 3000 volts 
in neon and up to 4500 volts in helium, using a modified Jones type of apparatus (T. J. Jones, 
Phys. Rev. 29, 822 (1927)). Both helium and neon exhibit well-defined maxima which occur 
at 110 and 170 volts respectively. The ratio of the positive ion current to the electron current 
per centimeter path reduced to 1 mm pressure and 0°C at the maxima was 1.256 for helium and 
3.056 for neon. At 3000 volts the ratio was 0.172 for helium and 0.605 for neon. It was found 
that for energies from about 500 volts to 3000 volts the efficiency of ionization of neon is a linear 
function of V-}, where V is the energy of the impacting electrons in volts. In helium the 
efficiency is a linear function of 1~'? from about 500 to 2000 voits. Beyond 2000 volts the 
efficiency approaches a linear function of 1~'. The emp‘rical formula 


. a . S4V wz V—- Vy 
3.383 (V0 V) 1 - ep (- ' )] [ 1 - ex (- arg | 


expresses the efficiency of ionization of helium, within the experimental error, from the ioniza- 
tion potential 1) to 4500 volts. The above results were free from any effects due to secondary 
electrons, and were independent of the pressure, electron current, and the magnetic field. 


90. The absorption coefficient for slow electrons in gases. C. E. NoRMAND AND R. B. 
BroveE, University of California.~—The absorption coefficients or the effective collision cross 
sections have been measured in Hz, He, Ne, A, Ne and CO for velocities of the electrons from 
0.5 to 400 volts. With a higher resolution of velocity a fine structure in the absorption coefti- 
cient curves has been found for all of these gases. At the lowest velocities, about 0.5 volts, 
all of the curves are rising with decreasing velocity. The minimums in the absorption coeffi- 
cients occur between 0.5 and 1.2 volts for these gases. Ramsauer and Kolloth (Ann. d. Physik 
4, 91 (1930)) have reported minimums for He and A and none for the other gases. Their scale 
of velocity is, however, in disagreement with the velocities measured here, being 0.5 volts 
lower. When adjusted for this difference the data are in agreement. 


91. Heating of a cathode by positive gas ions, and their ‘‘accommodation coefficient.” 
C. C. Van Vooruis AnD K. T. Compton, Princeton University.—Positive ions of helium, neon 
or argon were produced by a low voltage arc at low pressure and were made to bombard a 
spherical molybdenum collector with regulated velocities up to 140 volts. The resulting heat- 
ing of the collector was measured by a thermal junction and found to be considerably less 
than the product of current by bombarding voltage. The problem was to account for the 
undetected remainder of the energy. Both calculations and experimental tests showed that 
this cannot possibly be explained as the result of part of the apparent ion current actually 
consisting of secondary electron emission or of ions losing energy at collisions with molecules. 
After making all such corrections, we are still forced to conclude that a fraction of the kinetic 
energy of the incident ions is carried away by ions (atoms) after neutralization. The fractions 
of their energies delivered to the cathode by the ions are the following “accommodation co- 
efficients”: He0.4 to 0.5, Ne 0.7, A 0.8, which are strikingly similar to the gas kinetic values. 
There are a number of interesting applications of this discovery. 


92. Angle and energy distribution of electrons rebounding from gaseous molecules. 
A. L. HuGHEs anv J. H. MCMILLEN, Washington University, St. Louis.—The distribution of 
electrons rebounding at definite angles from gaseous molecules was investigated. An electro- 
static re-focusing arrangement was used to analyse the energies of the electrons. In helium, 
it was possible to identify the following energy losses at several angles, 21.12, 22.97, and 23.62 
volts for a primary electron beam of 100 volts, but not the 19.77 and 20.55 volt losses. The 
number of electrons, rebounding without loss of energy, was measured for different angles of 
rebound (7° to 80°) from argon, helium, and molecular hydrogen molecules, and for various 
energies (50 to 15) volts). In almost all cases, the number decreased rapidly as the angle in- 
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creased. The higher the energy of the electrons, the more rapidly did the number fall off with 
increasing angle. The steepness of the curves increases as we go from argon to helium to hydro- 
gen for the slower electrons. For the faster electrons their curves are practically superposable. 


93. An attempt to detect collisions between photons. G. E. M. JAuNcey AND A.L. HuGHEs, 
Washington University, St. Louis.—It has been shown that if two photons, of identical fre- 
quency, moving along paths making an angle of 120° with each other, collide, and produce one 
photon travelling forward along the line bisecting the 120° angle, and another photon traveling 
in the opposite direction, the frequency of the photon traveling forward must be 1.707 of the 
frequency of the original photons (Hughes and Jauncey, Phys. Rev. 33, 290 (1929)). This 
suggested the following experiment. Two beams of sunlight (one suitably deflected by a 
mirror), filtered through red glass, were passed through lenses 10 inches in diameter, so that 
the beams, whose axes made an angle of 120° with each other, intersected at a common focus. 
As the diameter of the beams at the focus amounted to only 4 mm, great concentration of 
light was obtained. The point of intersection of the beams was examined through a green 
filter with the eye which had been rested in total darkness for periods up to an hour. No light 
was detected. It was estimated that if the photon has a cross section, effective for the type 
of collision here contemplated, it must be less than 10™ cm. 


94. On the principle of Huyghens. G. E. UHLENBECK, University of Michigan.—Attention 
is called to the general formula: 


x ox 40 fi t) 

‘ . »\ a 7\®*% " 

f wf f(&) sin v(x — §) dz= f ——dt 
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where P denotes Cauchy's principal value. An exact (not published) proof of this has been 
given by Droste, when f(£) fulfills the Dirichlet conditions, One has to compare this with the 


Fourier’s integral theorem: 
x +o 
J iv f f(E) cos v(x — E\UE = af(x). 
0 -«< 


By integrating the wave equation in m dimensions (0?/dt?—A,)¥ =0 with given initial values 
for y and dy /dt according to the method of Fourier-Cauchy, one can show that the curious 
difference between the formula’s (1) and (2) reflects the well-known fact that the principle of 
Huyghens is not valid in spaces with » even number of dimensions and valid in spaces with 
an odd number. 


95. The Stark effect near the series limit. Jane Dewey, University of Rochester.—The 
number and position of the lines appearing near the limit in a hydrogen-like spectrum have been 
investigated on the Bohr theory, extending the work of Robertson and the writer (Phys. Rev. 
31, 973 (1928)). From a study of the limiting cases, for which the complete equatian can be 
handled more easily than in the general case, it appears that only orbits with principal quantum 
number less than a given number (approximately 43/F'/*) are periodic in the presence of a 
field. The region in which both lines and continuous spectrum appear is due to the large dis- 
placement of the lines. The outer components of the last group of lines appearing in a field 
of 1 e.s.u. per centimeter are displaced 50 cm™. For small fields the position of all the lines 
is given correctly by the perturbation theory if the second order terms are taken into account, 
as lines for which the series would not converge do not appear. The large displacements and 
large number of lines which appear near the series limit in a field make it probable that the 
lines observed in discharges in this region are the central components of the group of lines hav- 
ing the same principal quantum numbers and that the other components are spread over the 
background by the stray fields necessarily present. The apparent sharpness of the lines is 
thus not a criterion for no spreading out of the lines and an experimental investigation of the 
effect would be very difficult as it would probably not be possible to maintain a field suff- 
ciently constant to observe the higher series members distinct from one another. 
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96. Zeeman effect in the calcium hydride band spectra. Wi_tiAmM W. WATSON AND 
Wituiam Benver, Yale University-—The Zeeman effect in the red CaH bands has been in- 
vestigated at several ficld strengths to 30,000 gauss, with a dispersion of 2.1A per mm. For 
K <7 in the *X-+?E system, the P; and R, lines (parallel S) are unaffected at all fields, while 
the P, and R, lines (anti-parallel S) mostly become diffuse doublets shading away from the 
no-field position. All P; and R; lines of higher K value have at low fields only a strong, broad 
component shifted to the red with the extreme edge at about Avnorm, the breadth decreasing 
as K increases. At 30,000 gauss a broad weak violet component appears. The P2 and R; lines 
with K >8 are merely broadened to the violet, the overall width being approximately Avnorm. 
The lines of low K values in the “Il—* band give field patterns as expected from Hill’s theory. 
For K>22, the lines involving F,; states rapidly broaden out, and for highest K values are 
of negligible intensity. The lines arising from F: levels, remain sharp and strong for all high 
rotational states, but shifted to the violet by about 1/2(Avyorm.) These effects can be explained by 
a consideration of the “rho-type” doubling involved. 


97. Electro-optical modifications of light waves. L. H. SrauFFER, University of California 
(Introduced by Ernest O. Lawrence.)—Broadening of the satellites of the Hg green line \5461 
was observed when the light passed between the plates of a Kerr cell on which was impressed 
a varying E.M.F. having a frequency of 2X10? sec!. The E.M.F. was obtained by superposing 
the output of a vacuum tube oscillator upon a steady potential of about 7000 volts. The maxi- 
mum oscillator voltage was about 5000 volts. With this voltage the fine structure of the Hg 
green line became so diffuse that two satellites having a separation of 0.045A were scarcely 
resolved by the Lummer-plate. The broadening was observed to increase rapidly with the 
oscillator voltage. The observed effect is predicted by the classical electromagnetic theory and 
constitutes a proof of the generalized Doppler principle. The high frequency voltage effects 
a rapid variation of the refractive index of the nitrobenzene in the Kerr cell which in turn 
produces a corresponding variation in optical path, giving the source a virtual velocity. The 
observed broadening is in agreement with the predictions of classical theory. 


98. The electric double refraction in gases. J. W. Beams AnD E. C. STEVENSON, Uni- 
versity of Virginia.—A method for the study of the electric double refraction or Kerr effect in 
gases as a function of pressure has been devised. Light of known frequency was passed through 
a Nicol prism, between two parallel metal plates, through a second Nicol prism and into a 
photoelectric cell. The two Nicols and the metallic plates across which the electric potential 
was applied were inclosed in a heavy steel tube with glass ends. As a result, the Kerr effect in 
the gas could be studied at a few hundred atmospheres pressure without introducing errors due 
to strains in the windows. Intense electric fields could also be employed because of the large 
value of the dielectric strength of the gas at high pressures. The precision of the method was 
limited only by the precision with which the potential across the plates could be measured. 
The results indicate that in the case of CO. the Kerr constant per molecule does not change 
by as much as 2 percent between 15 and 45 atmospheres pressure at 21°C. An easily measur- 
able Kerr effect was observed in O2 and N2 at 100 atmospheres pressure. 


99. Spontaneous temperature changes accompanying magnetization in steel. W. B- 
ELLWoop, Columbia University.—The purpose of this experiment is to determine the dissipation 
of energy accompanying magnetization in iron by observing the change in temperature of a test 
specimen produced by a change in the magnetizing force at consecutive intervals in a single 
cycle of magnetization. The test specimen is in the form of an ellipsoid consisting of 104 bars 
of #57 drill rod alternate with 104 similar copper rods arranged in coaxial concentric cylinders. 
One hundred and two thermocouples in series are constructed by connecting adjacent copper 
and steel bars with 3 mm lengths of constantan and copper wire. Adequate thermal insulation 
isolates the specimen from the magnetizing solenoid in which it is placed. A temperature change 
of 3X10-* degrees Centigrade can be detected. The specimen is put in a cyclic magnetic 
state and allowed to come to thermal equilibrium. On traversing the hysteresis loop {rom 
+290 to +20 gauss, heat is evolved by the iron and is measured as an increase in temperature. 
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On further demagnetization from +20 to —6 gauss the iron cools suddenly. From —6 to —90 
gauss, the iron heats most rapidly. Increase of the field to —290 gauss is accompanied by 
cooling of the iron. Temperature-magnetization curves for various other magnetic paths are 
described. 


100. The propagation of large Barkhausen discontinuities along wires. K. J. Sixtus 
AND L. Tonks, General Electric Co.—Preisach has shown that by applying increasing tension 
or torsion to a wire of nickel iron allloy, the Barkhausen discontinuities in magnetization be- 
come larger and larger. Finally, at a tension near to the elastic limit, a rectangular hysteresis 
loop is produced whose discontinuous change in magnetization includes 97 percent of the 
whole difference between positive and negative saturation. Langmuir suggested that this 
sudden change in magnetization starts at a nucleus from which it propagates along the wire. 
Investigation based on this view shows that the nucleus forms in a uniform field at a somewhat 
variable critical field strength, and at different points along the wire, depending apparently 
on uncontrolled factors. The nucleus can be made to form at a definite point, however, by 
applying locally a small additive field, and the discontinuity will then propagate into the 
uniform portion of the field, the strength of which can be smaller than the critical field strength. 
The velocity of propagation increases for a given sample with increasing field strength and 
tension. A 10% Ni—90% Fe wire of 0.038 cm diameter showed velocities up to 14000 cm sec 


101. The mobilities of ions in moist and dry air. JoHN ZELENy, Yale University.— 
Using the method recently described (Phys. Rev. 34, 310, 1929) the distribution of mobilities 
of aged ions in dry air has been determined and the values for moist air remeasured because of a 
neglected correction. The dissymmetry in the distribution of mobilities around the most 
numerous kind noted in the previous paper for negative ions in moist air, was found more 
pronounced in air dried by calcium chloride. In air dried further by passage through coils and 
filters immersed in liquid air a second distinct group of negative ions constituting about 35 
percent of the total number and having a peak mobility of about 1.45 cm/sec was partially re- 
solved. Under the last conditions the positive ion distribution curve also shows some dissym- 
metry indicating a possible group with a peak mobility of about 1.5 cm,‘sec. The mobility of 
the ions at the main peak of the distribution curve decreased for positive ions from 1.36 cm/sec 
for air with a water content of about 2 mg, liter to 1.05 cm/sec for the driest air used. Under 
similar circumstances the mobility of the negative ions increased from 2.08 cm/sec to 2.45 cm/ 
sec. The existence of the two groups of negative ions is ascribed to a difference in size of the 
ion clusters arising from a difference in constitution at or near their centers. 


102. Restriking of short a.c. arcs. F.C. Topp anp T. E. Browne, JR., Westinghouse 
Elec. and Mfg. Co., East Pittsburgh.—The restriking after zero current of short a.c. arcs with 
melting electrodes and of rapidly moving arcs with cold electrodes was investigated with a 
cathode ray tube of the Braun type. Long exposure photographs and observations of the volt- 
ampere traces on the fluorescent screen show the effect of the electrode vapor on the magnitude 
and variation of the restriking voltage. Brass, copper, iron, tungsten, and carbon were used as 
hot electrodes. The restriking characteristics of rapidly moving cold electrode arcs are in- 
fluenced by the condition of the electrodes, magnitude of the driving magnetic field, and rate 
of rise of the voltage after current zero. 


103. Extinction of short a.c. arcs between brass electrodes. T. E. Browne, JR. anp F. C. 
Topp, Westinghouse Elec. and Mfg. Co., East Pittsburgh.— Results are given which show that the 
dielectric recovery after current zero of short, stationary, a.c. arcs between brass electrodes is 
similar to that of cold-electrode arcs previously investigated and described. These results also 
show that the rate of recovery of dielectric strength of hot-electrode arcs after a current zero 
may be greatly increased by reducing, within limits, the electrode separation. An explanation 
is suggested on the basis of ionic diffusion to the electrode surfaces and the deionizing action of 
blasts of metal vapor from the boiling electrodes. 


104. Problems suggested by an uncertainty principle in acoustics. G. W. Srewarrt, 
State University of Iowa.—At the suggestion of Professor A. Landé the principle adopted is 
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Av: At~1, where v is the intrinsic frequency of an acoustic signal and Af is its time duration. 
Applying this principle one finds that it is consistent with experiments on the change in v 
in the vibrato and the failure to detect it by ear, with recorded tests on minimum perceptible 
differences in frequency, and with the minimal time for tone perception. The problems sug- 
gested by the principle are: (1) variations in At and Av by an artificial vibrato with aural 
observations of detectable Av, (2) redetermination of minimum perceptible differences in 
frequency as dependent upon Af and (3) an examination of At required for tone perception with 
varied values of Av required for so-called tone perception. 


105. The dispersion formula and Raman effect for the symmetrical top. Morris MusKAT, 
Gulf Research Laboratory Pittsburgh.—Schroedinger’s theory of dispersion is applied to the sym- 
metrical top. The dipole of the top is assumed to lie along the axis of symmetry, and the wave- 
length of the incident light to be large as compared with the dimensions of the top. An explicit 
expression is derived for the index of refraction of a gas composed of symmetrical tops, as a 
function of the frequency of the incident light. As the perturbed eigenfunction is a linear 
function of only three unperturbed eigenfunctions, the dispersion formula, for a given state, 
consists of only two terms. The moments for the Raman effect transitions for the symmetrical 
top are also computed. Simple closed expressions are obtained, again because of the simplicity 
of the perturbed eigenfunctions. The polarization of the Raman radiations is computed with the 
result that the unshifted lines are unpolarized, whereas for the shifted lines, |m, |?/ |mz |?=4/3. 


106. The measurement of the variation in intensity of the helium lines with voltage by 
means of selected filters and a photoelectric cell. PETER J. MULDER AND JOSEPH RAZEK, 
University of Pennsylvania.—A method has been developed by which the variationsin the inten- 
sity of individual spectrum lines can be measured without resolution through a spectroscope, 
making use of a photoelectric cell and the recording amplifier described by Razek and Mulder 
as part of their automatic spectrophotometer (other paper, this meeting). This method has its 
application in the spectrophotometry of weak sources. We have used the method to study the 
variation of intensity of helium arc lines with voltage. The deflection of the amplifier galvano- 
meter with various filters of known transmission coefficients for the lines to be measured inter- 
posed successively in the beam is noted. Assuming that all the energy recorded is limited to n 
lines, and that n filters are used, m equations soluble for ¢, of the form La =ai¢,1+de¢2+ ++ 
+4d,@, can be written, where LZ, is the total light intensity as recorded with filter a interposed, 
a, +++ ad, are the appropriate filter transmission coefficients, and ¢; - «+ @, are the intensities of 
the lines multiplied by a factor depending on the wave-length sensitivety of the cell. To in- 
crease accuracy, more filters may be used and a reduction made to m normal equations by 
Gauss’ method. In our work the helium lines were treated in four groups to reduce computation. 
The results generally checked with those obtained independently by a direct method. 


‘ 


107. The polarization and the electric moment of tung oil. A. A. Bess, University of 
Florida.—The dielectric constant of a solution of tung oil in benzene of different concentrations 
was measured for three frequencies 10°, 4X 10°, 105, using an electrical resonance method. The 
molar polarization of the solutions was calculated by the aid of the Clausius-Mosotti relation. 
The molar polarization proved to be a linear function of the mole fraction of tung oil, showing 
that the interaction of the polar molecules is in this case negligible. The polarization of the 
pure oil was found to be—364 cc, giving an electric moment of 2.195 e.s. units. The values found 
are substantially the same for each of the three frequencies for which the electric constant was 
measured. 


108. Methods of acoustic interferometry for the measurement of velocity and absorption 
of sound in gases. J. C. HuBBarp, Johns Hopkins University.—In the well known acoustic 
interferometer of Pierce (Proc. Am. Acad. 60, 271, 1925) the piezoelectric plate serves at the 
same time as generator of electric and acoustic oscillations. In order to eliminate the crystal as 
an essential part of the power circuit and use it only as a source of sound waves, thus to secure 
greater adaptability to the study of sound velocity and absorption over a range of temperatures 
and pressures, the writer has applied the method of forced piezoelectric vibrations used in the 
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sonic interferometer for liquids developed in collaboration with Mr. A. L. Loomis (Phil. Mag. 
June, 1928; J.0O.S.A., Oct. 1928). The audible beat note of two Hartley circuits is adjusted in 
unison with a tuning fork, one of the circuits being provided with a secondory coil connected to 
the electrodes of the piezoelectric plate of the interferometer system. Cyclic variation of beat 
note as the gas column is lengthened is compensated by a vernier condenser in the exciting 
circuit, from tue readings of which the velocity and attenuation of the sound in the gas are 
deduced. Acknowledgment is mad- to the Rumford Fund of the American Academy of Arts 
and Sciences, and to Mr. A, L. Loomis for the use of quartz plates. 


109. Independence of x-ray absorption on temperature. J. A. BEARDEN, Johns Hopkins 
University. -Measurements have been reported (Read, Phys. Rev. 27, 373 and Phys. Rev. 28, 
898) which indicated a change in the absorption coefficient of x-rays with change in temperature 
of the absorbing screen. Due to the theoretical importance of this effect the measurements have 
been repeated with much higher precision than was obtained in the previous work. The present 
method consists in comparing the intensity transmitted by two screens, first with both screens 
at the same temperature (about 24°C) and then with one screen raised to a higher temperature 
while the other was retained at 24°C. It can be shown that the percent change due to the expan- 
sion of the hot screen should be equal to 2a 7ux where aT is the linear expansion of the metal, u 
the linear absorption coefficient of the transmitted beam, and x the thickness of the screen. 
By making x and u large the expected change due to expansion in the present experiments was 
equal to 10 to 18 percent at 600°C. Measurements with wave-lengths from 0.4A to 1.5A showed 
no change from the expected change due to expansion. 


110. On the heat of formation of molecular oxygen. 1. C. CopELAND ( National Research 
Fellow in Chemistry) (Introduced by E. C. Kemble, Harvard University.)—Molecular oxygen at 
pressures of 0.1 mm to 0.4 mm has been dissociated by the electrodeless discharge. The percent 
dissociation in the flowing gas was determined from pressure measurements on the high pressure 
side of a set of small orifices, using Knudsen’s formula. Palladium black freshly deposited on a 
platinum surface has been shown to cause total recombination. A calorimeter consisting of such 
a surface fastened to a Beckmann thermometer and calibrating resistance coil with Woods metal 
was used to measure the energy of recombination. It has also been shown that the palladium 
black surface, poisoned with mercury vapor, or a shiny platinum surface do not cause total 
recombination. Several preliminary experiments have been made with about twenty-five 
percent dissociation at a rate of flow of 0.75 cc per minute. 


111. On the mechanism of very absorbable radiation emitted by compressed crystalline 
substances under high potentials. Isay A. BALINKIN, University of Cincinnati (Introduced by 
S.J. M. Allen.)— Following the work of Reboul,the emission from specially designed “radiating 
cells” was studied photographically. Powdered alum with the average size of the grains 0.0032 
in. was subjected to a pressure of 300 kg cm? in an atmosphere of 55% relative humidity. Under 
a potential difference of 5000 volts the emission from the cell was completely absorbed by 
celluloid, =0.13 mm, and only partially absorbed by cellophane, !=0.02 mm. This corresponds 
to a range between very soft x-rays and short ultraviolet. A similar effect on the photographic 
film can be obtained by passing a spark discharge in an electrostatic field of about 1000 volts 
per centimeter in which the negative and positive ions are separated and then drawn into a 
recombination chamber. A Bunsen flame as an ionizing agent under the same circumstances, 
produces the same effect. The mechanism of the radiation emitted by the “radiating cell” under 
high potentials is explained by the external recombination of the ions which were produced in 
the interstices of the compressed crystalline substance. The wave-length of the emitted radia- 
tion corresponds to the ionization potentials of oxygen and nitrogen as given by the relation, 
hv= Ve. Fora value of 14 volts,A = 900A which agrees with the results given by the experiment, 


112. A 21 ft. vacuum spectrograph for intensity measurements in the Schumann region. 
GEORGE R. Harrison, Stanford University.—-A 21 ft. concave grating ruled by Wood with 
15,000 lines per inch and having a very bright first order has been mounted in vacuum for use 
in the Schumann region. The case consists of a 20 ft. vanadium steel tube of 16 inch internal 
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diameter, closed with tinned bronze castings. Three oil pumps exhaust this volume of 863 
liters to 0.01 mm pressure in two hours; four large steel condensation pumps using n-dibutyl 
phthalate trapped with CO, lower the pressure to less than 10~* mm in three more hours after. 
50 hours of outgassing with the pumps off. The camera box holds 4 x 16 inch plates or films, 
recording at one setting a range of 900A with a dispersion of 2.7A per mm. Thirty exposures to 
different sources can be made without destroying the vacuum. The instrument, designed par- 
ticularly for making intensity measurements on multiplets of multiply ionized atoms using the 
photometric methods developed by Leighton and the author for the Schumann region, has only 
been used to photograph the region 2200-1300A thus far; the strength of the spectrum indi- 
cates that 1000A should be reached without difficulty 


113. Photographic record of the first order diffraction of hydrogen atoms by a lithium 
fluoride crystal. THomaAs H. Jouxson, Bartol Research Foundation—A beam of hydrogen atoms 
was reflected from a cleaved surface of a crystal of lithium fluoride at an angle of incidence of 
30°. The plane of incidence made an angle of 45° with the cleavage edges of the crystal. In 
addition to the specularly reflected beam, first order beams appeared on the MoQ,; detecting 
plates having the positions calculated from the wave-length \=/ mv and from the grating 
spacing of the rows of similar ions. 


114. Double crystal spectra of scattered x-rays. NeWeELL S. GinGricu, University of 
Chicago. ~To get high scattered intensity, two molydenum metal x-ray tubes of small diameter 
were used with a graphite scattering block between them. A total current of 95 m.a. at 50 k.v. 
was used. The effective scattering angle was about 109 degrees. Successive spectra taken in the 
neighborhood of the Ka lines are not identical, since the experimental error is relatively large 
when measuring weak ionization currents. Nevertheless it can be said from the spectra obtained 
that the intensity of any fine structure line in the unmodified spectrum is probably not greater 
than 10 or 15 percent that of the Ka line. The spectrum of the modified Ka lines is observed 
at the position calculated from the equation 5\ =0.0243 (1—cos ¢)A. No evidence is foun 1 of 
fine structure lines in the modified spectrum as reported by Davis and Purks. 
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